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Abstract

Heating ventilation and air conditioning (HVAC) systems are designed to maintain the indoor climate in the
desired temperature, humidity, and pressure level for industrial and commercial buildings. Particularly, this
master thesis deals with the modelling and control of a multi-zone HVAC system applied in an unmanned
offshore platform.

In this scientific work, a pre-investigated single-zone model of a HVAC-system is further developed to a multi-
zone model, taking into account the humidity, temperature and the pressurization in each zone. In addition, the
interaction between the zones in terms of heat transfer through the walls is considered in this model.
Furthermore, the cooling coil, heating coil and humidifier are included in the overall model.

In addition to the above, a set of PI controllers are designed to control the coils, humidifier, the fan, the inlet
dampers into the zones and the variable heaters in the zones. Moreover, a Model Predictive Controller (MPC)
is designed and compared with the PI controllers after a door opening disturbance is applied.

Finally, PI controllers are implemented to a small ventilation setup in NI LabView, in order to observe and
examine their performance. The MPC was not implemented due to a restricted license of the software interface.

Sandra L. Pedersen loannis Duraj



Introduction

The HVAC system also known as Heating, Ventilation and Air Conditioning system, is used on
offshore platforms to maintain the indoor climate in the different zones, at desired temperatures,
appropriate moisture level and to ensure the pressurization. Keeping these three variables within
proper ranges is necessary in order to obtain both comfort and safety. The pressurization of the zones
is important in order to avoid flammable gasses to enter in the zones, thereby avoiding fire or
intoxication. The pressurization is between 25 Pa - 50 Pa higher than the ambient and has to be kept
when a door is opened. The moisture level in the air, also referred to as humidity, has to be kept
within a range to avoid possible damages in the machines and thereby avoiding malfunctions. The
temperature for manned platforms is recommended to be around 21°C to 22°C. This project deals
with an offshore unmanned transformer platform where the given specifications were provided by
Semco Maritime A/S.

Additionally to the above, the offshore weather conditions can be extreme. Therefore critical weather
changes occur, such as from both very hot and humid air in the summer periods to very dry and cold
air in winter periods. It is therefore important that the HVAC system can handle these changes.

In the previous project, a model for the heat transfer and pressurization of a single-zone was found
and investigated. This model only considered the inflow of air regulated by a fan. The external duct-
or ventilation system was not of any consideration.

In addition, a PI-controller was made in order to maintain the inside pressurization by regulating the
speed of the fan. The problem with the pre-investigated single zone model was that the reaction of
the PI controller was unrealistically fast and the changes in the magnitude of the zone temperature,
were significantly small. These statements is illustrated in the figure shown below.
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Figure 1 Changes in a) mass of air, b) temperature, c) pressure in the zone. (Pedersen, 2015)

The problem is clearly shown in the figure above. The temperature decreases 0.08 K when the damper
is opened. Setting as an inlet temperature lower that the already existing temperature in the zone, it
was expected the final zone temperature to decrease. That is due to unrealistically small changes of
mass inflow in the zone. A further introduction in the HVAC systems as well as the pre-investigated
single zone model are presented in the following chapters.



Problem statement

o How to expand the single zone model to a multi-zone HVAC model?
e How to account for the humidity and heating coil in the model?
¢ How to improve the existent controller by prediction of future control input?

Problem formulation

The project deals with expanding a pre-investigated model of a HVAC-system. This includes study of how the
humidity and the heating of the air can be modelled. In addition, a strategy of regulating the air inlet dampers,
which makes sure that the maximum pressure in the zones are not exceeded, will be made. After the overall
model is found, the model will be simulated and a controller will be designed in order to obtain a specified
temperature, pressure and humidity of the different zones. Taking into account the harsh weather conditions
on the offshore situations, a robust control strategy should be implemented and integrated in the controller.
The safety regulations for the offshore HVAC applications are very strict and should be taken into
consideration due to the danger of the probability of flammable gas insertion in the indoor environment of the
platform or in the HVAC system. Considering all the above, the indoor pressurization, temperature and
humidity need to be kept within acceptable safety regulation range and are the three main factors to deal with
in this project.
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Subscriptions
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rad
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Description

Wall

Inflow

Outflow

Point A and Point B
Radiator
Disturbance
Ambient - Outside
Return

Mixing box
Cooling coil
Heating Coil
Humidifier
Dynamic

Static

Zone - Room
Dew point
Dry-bulb
Saturation

Water vapor
Dry air

total

Duct

Description

Polynomial coefficients
Parameter Matrix

Output Matrix
Regression Matrix

Continuous time system matrix
Discrete time system matrix
Continuous time input matrix
Discrete time input matrix
Continuous time output matrix
Discrete time output matrix
Continuous time feedforward
matrix

Discrete time feedforward matrix
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Sampling time
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States
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Abbreviations
HVAC

AHU

PU
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Inputs

Proportional gain
Integral gain
Derivative gain
Error wrt. time

Prediction horizon

Control horizon

Window size

Reference/setpoint

Weightings matrix

Weightings matrix

Prediction matrix

Prediction matrix

Prediction matrix

Prediction matrix — related to the output
Prediction matrix— related to the output
Prediction matrix — related to the output
Outputs matrix

Cost function

Trajectory matrix

Overall Weightings matrix
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Optimization matrix — used in quadratic
programming
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Constraint matrix

Constraint matrix

Constraint matrix

Constraint matrix

Constraint matrix

Constraint matrix

Constraint vector — constraint the constraints of u
Constraint vector - constraint the constraints of y
Constraint vector - constraint the constraints of Au

Description

Heating, ventilation and air conditioning
Air handling unit

Pressurization unit

Constant air volume

Variable air volume

Proportional integral

Model Predictive Control
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Multi zone HVAC system

1. HVAC system

HVAC as shown in Figure 1 is a fundamental part of any building. To maintain air conditioning in the
summer and heating in the winter, heat or cold air is supplied to the different zones of a building and is
normally controlled thermostatically. (Duraj, 2014)
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Figure 1 Typical HVAC system showing the ducting distribution and components. (brighthubengineering, n.d.)
The basic components, which they can be described as modern and more efficient units are:

e Air Handling Unit (AHU)

o Filters

e Ducting

e Attenuators

o Volume control and fire/smoke dampers
e Humidifiers and De-humidifiers

e Air return grills

o Air distribution diffusers

The Air handling unit consists of the air circulating fans, the supply and return filters as well as the heating
and cooling coils, which supply the hot or chilled water depended on the demand of air hot air or air
conditioning respectively. Any other way a combination of an evaporator, condenser and a heat pump can
supply the hot and cold air in the unit to the zone.

The fans of the system are the basic device of circulating the heated or cooled air through the supply and
return ducting system.

There are suction and discharge filters into the Air Handling Unit (AHU). The suction filters are placed on
the return ducting system and their task is to remove any undesirable particles on the air such as dust smoke
or fumes before the fan chambers and heating or cooling coils. In addition, the discharge filters function is to
abolish any remaining particles into the air before it is circulated again into the supply system ductwork to
the man board environment.

The attenuators is a device that is fitted to the ducting system which primary task is to mollify the noise that
is created by the circulation of air through the ducting system in order to arrange a less annoying and
distracting manpower environment.
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Humidifiers function is to use very exquisite spray method in order to drizzle or “spray” water into a dry cold
or dry hot air stream. Dehumidifiers on the contrary remove the moisture out of the air stream by driving the
wet air into the cooling coils and afterwards deposit the condensed water in a small container, which is
placed underneath. Most of the HVAC system building regulations prescribe that the humidity level in the air
circulated in the buildings should be maintained in the range of 40% to 60% (Mini-Circuits, 2015). Both
devices are of an exceptional importance due to the fact that they maintain healthy environment indoor living
conditions and safe operating conditions for the machines. They prevent the growth of molds, mites and
mildew into the buildings. Additionally they discard the possibilities of low humidity conditions, which can
cause dry skin and throat irritation to the people in the workplace.

The diffusers are located in the zones ceilings and their function is to moderate the discharge velocity of the
air stream in order to assure the fair and distribution of the air in the needed direction into the required zones
of the building. The louvers of the diffusers are adjusted automatically in order to direct the air into the
return ducting system, and they are mounted on the ceilings. The return air stream then is driven into the
return ducting system to the discharge plenum, over the return filter and then into the AHU completing in
this way the system circuit.

1.1 Variable air volume (VAV) systems

HVAC systems can supply conditioned air into the zone of the buildings by either constant air volume
(CAV) or variable air volume (VAV) systems. In the first case, the constant air volume systems are
predicated as a high energy consumption systems with not efficient controllability of the indoor zone
temperature if compared to the variable air volume systems. Additionally the HVAC systems that include the
VAV system are experiencing supplementary passive dehumidification, less noise in the fan and less fatigue
in the compressor components.

Variable air volume systems automatically adjust the required indoor zone temperature and pressure in a
building. Principally the most important part of a VAV system is the VAV box, which is placed in the
terminal of the unit. This particular device-system is connected directly to the indoor zone and its main task
is to regulate the required temperature and pressure as well as to counterpoise the fluctuation of the load of
these requirements by adjusting the air volume that inserts the zone.

A VAV box is illustrated in Figure 2 p. 2.

“{ Controller }--------
Thermostat

Figure 2 a) VAV box sketch, b) 3D illustration of VAV box. (kmccontrols, n.d.)

The primary air inserts the VAV box after is regulated by the primary air damper which is contained in the
terminal unit, and it exists as a secondary airflow into each zone. The control system of the VAV inflects the
air damper in various positions of angles between 0° to 90° depending on the volume airflow that is needed
into the room. As the angle “drive” the damper to the closure position the volume the pressure difference
between the primary and the secondary air flow rises while the volume of the secondary air decrease. Thus,
the great advantage of using VAV box terminals is that they provide all the requirements of a comfort and
healthy indoor living in a building.
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2. Single-Zone modelling

In this chapter, the single-zone model that was found and investigated in the previous project is explained
further. In order to carry out the multi-zone model for this project a single zone model has to be firstly
introduced.

2.1 Conservation of Energy

In consideration of controlling the pressurization and temperature inside the offshore platform, the energy
balance into that zone has to be conserved (Duraj, 2014). In other words, the conservation of energy
principle will be used — 1* law of thermodynamic — which states that “energy can be neither created nor
destroyed during a process, it can only change forms” (A. Cengel).

The change in the energy content of a system is equal to the difference between the energy input and the
energy output, and the conservation of energy principle for any system can be expressed simply as:

Eg2.1
AE,one = Ein — Eout q

The rate of energy changing is:
: : : Eqg2.2
AE one = Ein — Eout q
Where,
e E isthe energy changing rate [ﬂ
e AE are the difference in energy changing rate in the zone.

Heat balance in the considered controlled zone depicts that change in energy brings change in temperature:

AT one .
Cp " Mzone # = Qin — Qout Eq2.3

Where,
* ¢, isthe heat capacity coefficient of air [Kg]—K]
®  Myone IS the mass of the air in the particular space [Kg]
e Q;, is the heat transfer rate into the space via inlet [ﬂ

e Q,y: is the heat transfer rate out of the zone via outlet [ﬂ

% is the change of the temperature T in time dt.

Figure 3 The energy conservation principle. (Pedersen, 2015)
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Since the zone will be affected by leakage, radiation from a small amount of sun light, radiators, staff (body
heat), computers as well as heat transfer through the walls, the heat transfer equation can be expanded to a
more appropriate one as shown in the below equation;

dT, . . . . . Eq 2.4
Cair * Mzone ézne = Qin + Qout + Qraa + Qwau + Qaist 9

Where,

e Qs denotes the disturbances such as; body heat, leakage and other appliances [ﬂ
e Q,qq is the heat transfer from the radiators [ﬂ

e Q.4 is the heat transfer through the walls [ﬂ

2.2 Inlet heat flow rate
The heat transfer is given by:

Eqg2.5
Where,

e ( is the heat transfer [J]
e his the enthalpy [k]—g]

The change in heat transfer @ can be found form the change in enthalpy between to states. In order to find
the equation for the heat transfer rate, the heat entering and leaving a control volume has to be considered.

ZQ ZQ Eq 2.6

out

In general, the overall heat transfer rate is equal to the difference between the sum of heat transfer rate in a
zone and the sum of the heat transfer rate that leaves the zone. This statement can be expressed simply by

using the below equation:
Z 09— Z 0 Eq2.7

out

From this, the inlet airflow energy contribution can be determined analytically by the following equation,
which was stated above:

. . . Eqg 2.8
Qin = Myn * Ry — My~ Ryone q

The enthalpy can for a ideal gas be given as h = ¢, * T, therefore the inlet heat transfer rate can be found to

be:

: _ o dT, . Eq 2.9
Qin = Cqir "My - ;:ne = Cqir "My * (Tin - Tzone) 9
Where,

e Q;, is the inflow heat transfer rate [ﬂ
e . IS the heat capacity coefficient of air [K;—K]

e 11y, isthe indoor air mass rate of change [Q]
S

e T;, is the temperature in the duct [K]
o T,one IS the temperature inside the zone [K].
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The indoor air mass rate m;,, can be calculated as:
Min = Pin " Qin Eq 2.10
Where
. . - Kg
®  p;y is the density of the air in the duct [ﬁ]

3
e g, is the volumetric flow rate in [m—] via the inlet duct.
S

In order to define the volumetric flow rate in the inlet duct Bernoulli’s equation is used. This particular
equation states that at two points along a streamline in a fluid, all forms of energy are the same (steady flow
along a streamline). By using this equation in the generic form (A. Cengel):

d 1
f—p+(—v2)+g-z=Cst Eq 2.11
p 2
In order to determine the mechanical energy balance the above principle is re-written:

P (1 Eq2.12
o 2) +g-z=Cst g2
5 (2 v gz S
Where,
e P isthe static pressure in [Pa]
e v isthe velocity of the flow [%] along a streamline

e zisthe height [m]

Precisely the g is the dynamic energy, the %Vz is the Kinetic energy and the g - z is the potential gravitational
force which is minimum due to air mass, thereby in this project is neglected:

gz=0 Eq2.13
From this, Eq. 2.13 in Eq.2.12 yields:
P 1
—+ (— . vz) = Cst Eq2.14
p 2
Duct, A Zone, B
A1 Ao A2

Figure 4 An orifice, damper opening.

If between the damper and the zone there are point A and point B as depicted in Figure 4, taking into account
the Bernoulli’s principle which states that the inlet flow A and the outlet flow B are equal, results to the
following:

P, /1 Py (1
_A+(_.U3)=_B+<_.v§) Eq2.15

Re-arranging the above equation yields in the relationship between the velocities and the pressure differences
between the two positions:
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P, P
vé—v}{zz-(—“——B) Eq2.16
Pa  PB

Because point A and B are just before and just after the damper, the density is the same because air has not
yet obtained the energy of the zone:

P =Pa=PB Eq2.17

Using Eqg. 2.17 in Eq. 2.16 results to the following:
2
vﬁ—vj =E.(pA_pB) Eq2.18

The velocities in position A and B are unknown in this set of equation thereby they have to be calculated.
Taking this into consideration, velocities can be expressed through the equation of the mass flow rate m and
as a consequence the volumetric flow rate g:

m=p-q Eqg2.19

And,
q=v-A Eg2.20

As it was stated before the inlet flow in point A before the damper and the outflow in point B just after the
damper are equal, which results to:

&
Pa q9a = PB 9B Eq2.22

P
vA'AA'pA=vB'AB'pB Eq223

Due to the fact of the changing in the dampers’ position, different cross-sectional areas will be created. This
fact can be explained by the contraction coefficient C. which is in other words referred as the vena contacta.

As depicted in the Figure 4, p.5 the different cross-sectional areas A;,A, and A, can formulate the
contraction coefficient as the fraction between the 4, and 4,:

C.=
c AO

Eq2.24

Re-arranged with respect to A4,, due to the fact that it is difficult to actually determine the A, area which will
be used in following equations:

A; =Ccr Ay Eq 2.25

Using Eqg. 2.25 in Eq. 2.23 results in:

Vp A1 pa=vp-(Cc Ao pp Eq 2.26

Re-arranging the equation in order to get the flow velocity V, in the position A:

_Cc'Ao'PB

Uy = Vp
A1 pa

Eq2.27
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Using Eqg. 2.27 in Eq. 2.26 outcomes in finding the velocity of the flow V5 in the point B and as a
consequence the flow velocity in the zone, which is very important in order to explain the dynamic of the
damper:

[%'(PA_PB)]

Vp = » Eq2.28
1_(Cc'A0'PB)
A1 pa
Using Eq.2.28 in Eq. 2.20 results in the following volumetric flow g equation:
2
[5 (P — PB)]
q=va-A; =vg Ay =Cc"Ap- Eq 2.29

- Gty

In order to simplify the above equation, the discharge coefficient is introduced as shown below:

Ce
1_(Cc'Ao'pB)2 £q2.30
A1 pa

Using the discharge coefficient Eq. 2.30 in Eq. 2.29 yields:

2
gq=4,"C4- ;'(PA_PB) Eqg2.31

Let pa = Pin, PB = Pzone, Pa = Pin, and Pg = P,,,,.. Substituting these into the above equation results in:

Cd:

2
qin = AO ' Cd,in ’ \/; ' (Pl - onne) Eq 2.32

Using the Eq. 2.32 in Eq. 2.19 yield:

. 2
Min = Pin " Gin = Pin " Ao * Cd,in ' \/; ' (Pi - onne) Eq2.33

As a conclusion of all the above, by substituting the Eq. 2.33 into Eq. 2.9 results in the following generic
equation of the energy contribution equation of the inlet airflow:

. 2
Qin = Cair * Pin " Ao " Cain \/; (Pin — Pyone) " (Tin — Tyone) Eq 2.34

Precisely the above equation describes the heat transfer rate of the input damper and it can be substituted in
the general energy balance equation as it was structured in the Eq. 2.4
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2.3 Outlet heat flow rate
The outflow air heat transfer rate Q,,,; is determined analytically by the following equation, using the same
procedure as for Q.

Qout = Cair " Mout * Tzone — Tout) Eq 2.35

Where,

e Q,, is the outflow heat transfer rate [ﬂ

. - . K.
e 11, IS the outdoor air mass rate [Tg]

e T,y IS the air temperature in the outlet duct [K].

The indoor air mass rate of change r,,,; can be calculated as:

Mout = Pzone * Qout Eq 2.36

3
Where, g, is the volumetric flow rate [mT] and p,, is the density in the outlet duct [%]

Gin = Gout

The above restriction is stated as mandatory limitation for the purpose of this project since the pressurization
indoor has to be maintained 25 Pa — 50 Pa over the atmospheric pressure, as the safety regulation states.

Repeating the same procedure as in the air inlet energy model subchapter, in order to find the outflow air
heat energy transfer rate Q,,, the volumetric outflow q,,,, has to be calculated:

2
Qout = Caout " Aoout * \]; * (Pone — Pout) Eq2.37

Where P,,,; is the pressure in the outlet duct [Pal].

For the outlet damper the volumetric outflow is modelled in the same way as for the inlet dampers. The
different cross-sectional areas A;,A4, and A, can formulate the contraction coefficient as the fraction
between the A, and A;:

C.=
c AO

Eq 2.38

Considering the above, the discharge coefficient C, is calculated in the same way as for the volumetric
inflow in the inlet canal.

Ce

Cd,out = »
1 — (Cc ) AO,out " Pout ) Eq 2.39
A1 Pzone
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Taking into consideration Eq. 2.39 in Eq. 2.37 results to:

— 4 C. 2 P P )
Qout 0,out c o4 . > P zone out £q 2.40
1— ( ¢ " 4o,out " Pin )
[ A1 " Pzone
Using the above equation to calculate the rate of the outflow air mass m,,,;:
; 2
Mout = Pzone " Ca,out * Ao,out ° ; (Pzone — Pout) Eq2.41

The equation of the energy contribution of the air outflow can be rewritten by substituting Eq. 2.41 in Eq.
2.35, which results in the following generic form:

. 2
Qout = Cair *Pzone " Cd,out 'AO,out ' \/; (onne - Pout) ' (Tzone - Tout) Eq 2.42

The above equation describes the heat transfer rate of the outlet pipe and it can be substituted in the general
energy balance equation as it was structured in Eq. 2.4.



Multi zone HVAC system

2.4 Wall heat transfer rate
In reality, there will be some heat transfer through the walls due to a temperature difference between the
zones and to the ambient condition, depending on the weather conditions. In offshore structures, the walls are
extremely well isolated. The conduction can be expressed in terms of Fourier’s equation, which is a 3-
dimensional PDE with respect to time (A. Cengel). For simplicity the timeless and one-dimensional equation
is considered, which is given by:

(Tatm - Tzone) _

Qwall =kwan*Awan———————— = Uwau " Awan - Taem — Tzone) Eq 2.43
Lwall

where,

®  kyqu 1S the thermal conductivity of the wall [%]

e A, qu is the surface area of the walls [m?]
e T,:m IS the outside air temperature [K]
o L,y isthe wall thickness [m]

o U4 isthe heat loss coefficient, u-value [%]

The principle of the wall heat transfer is depicted in the figure below, where it is assumed that the wall
consists of one material.

T:

Tn?

Figure 5 Heat loss through a wall. (MIT, 2015)

2.5 Radiators heat transfer rate
A model for the energy contribution due to the radiator Q, .4 is taken into account and developed. Note that,
the notation rad does not refer to radiation in this case.

It is assumed that the surface temperature of the radiator is constant and it maintains the required steady state
temperature in the zone. Having as a guidance the above limits, the modeling of the heat energy contribution
is calculated by using Newton’s second law of cooling, which states that (A. Cengel):

Qrad =h- Araa* (Trad - Tzone) Eq 2.44

Where,

e Q,qq isthe heat energy transfer rate due to the radiator [é]

e his the average convection coefficient for the entire surface[mVZV.K]

o A..q is the surface area of the radiator [m?]
o T,.q is the constant surface temperature [K]

10
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To calculate h the following equation is used:

h = Nu Eq 2.45
HRH
Where,
e Nu isthe Nusselts number [-]
e  Hpy is the height of the radiator [m]
The Nusselts number is found as:
Nu =c-Ra™ Eq 2.46

The Nusselts number is defined as the ratio of convective to conductive heat transfer across a boundary
within a fluid under the same condition, in our case the surface of the radiator. It has to be noticed that in
convection term the diffusion as well as the advection are included.

And K,;, is the heat conductivity of the air, which in our case is:

w

Both ¢ and n are constants which depend on the radiator’s surface geometry and the flow regime. Normally
the value of c is less than one and the value of n is equal to % if it is a turbulent flow, and n is equal to i if it

is a laminar flow. More analytically, after calculating the Rayleigh number is compared in order to fit in a
range of two different cases and substitute the values of ¢ and n, meaning that (A. Cengel):

1
If 10* > Ra > 10° then Nu = 0.59 - Raz son = iand c=059

1
If 109> Ra > 103 then Nu = 0.1- Raz son = %and c=0.1

The Rayleigh number Ra [-] is calculated as it is depicted below:

_ g .8 ' H}%H ' (Trad - Tzone)

Ra Eq 2.48
Vg«
Where,
- - - - - - mZ
e v, is the kinematic viscosity of the fluid [T]
- m?
e s just a substance constant [T]
e B is the thermal expansion coefficient [K 1], which is defined as:
= ! Eq 2.49
ﬁ - Tf q *

11
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Where,

Trad - Tzone
Tp=——F—" Eq 2.50

The kinematic viscosity for air is found as (engineeringtoolbox):

mZ
v = 1.5647 - 10-5T

In addition, the substance constant is:

2

m
a=22142- 10-5T

2.6 Overall zone temperature model
The final equation for the change in zone temperature is:

deone — Qin + Qout + Qrad + Qwall

Eq 2.51
dt Cair " Mzone
&
2
ATzone Cair * Pin * Ao * Cajin - D (Pin — Prone) * (Tin — Trone)
at Cair * Mzone
2

Cair * Pzone * Caout *Aoout * \/; (Pyone — Pout) * (Tyone — Tout) Eq 2.52

+

B Cair * Mzone
n (h “Araa (Trad - Tzone) + (Uwall “Ayan (Tatm - Tzone))

Cair " Mzone

2.7 Conservation of mass
The mass rate balance is equal to the difference of inlet and outlet mass flow rate, and it is given by the
following equation:

dm
dZt"”e = My — Moyt Eq 2.53
&
dm 2(P;,, — P, ) 2(P, - P t)
dz:ne = Pair " Cd,in ' AO,in — T Pzone " Cd,out 'AO,out\]u Eq 2.54
Pin Pzone

2.8 ldeal gas law
The system can be assumed that works under ideal conditions at all times. Thereby the density and pressure
can be determined in the zones from the ideal gas law.

Pzone * Vzone = Nzone * Rzone * Tzone Eq 2.55

The density in the zone p,,,. is calculated as the correlation between the mass and the volume of the zone.

12
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P _ Mzone
zone —
Vzone
&
Pzone _ R T
— Bzone " !zone
Pzone
&

Prone = Rzone " Tzone " Pzone

From the above, the mass balance becomes:

2 (ppipe - pzone) _ (mzone)

Mzone = Pairyp * Cd,in 'AO,in\/ 0o
pipe

Vzone

Patm

' Cd,oAO,out 2| R Tyone — W
Vzone

Eq 2.56

Eq2.57

Eq 2.58

Eqg 2.59

13
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2.9 Fan

The PU consists of a centrifugal fan, which delivers the needed amount of airflow in order to maintain the
indoor air pressure. This is achieved by choosing the operating speed of the fan. In order to find the
frequency which relates to the operating speed, the fan curve is used. After the selection of the fan, the fan
curve is provided by the manufacture. The fan is chosen based on the systems resistance and required flow
rate. In this case, the selected fan is presented in Chapter 4, as the fan has to be able to fulfil the requirement
of multiple zones.

Static pressure

Figure 6 A typical fan curve, relation between static pressure and cubic feet per minute. (esmagazine, n.d.)

2.9.1 Flow development through a centrifugal fan into a duct

The selection of a fan that fulfils the system requirements is of great importance. Subsequently it is important
to look at the flow development after the fan, so the duct length for the inlet is long enough. The flow
development is illustrated in the Figure 7.

p=VP+sp e=vp+SP
8

ddl]

100 % EFFECTIVE
DUCT LENGTH

e

Figure 7 Flow development through a duct. (achrnews, n.d.)

The total pressure (TP = P,) is the sum of the velocity pressure (VP = Py,,) and the static pressure
(SP = Pgtqtic) as is introduced as (achrnews, n.d.):

Peor = Payn + Pstatic Eq 2.60

Total pressure is defined as the measure of the energy content of the airstream that is always dropping as the
flow proceeds downstream. P.,; it can be measured by using a pitot tube pointing directly upstream,
connected to a manometer. Additionally, P;,; it can take positive and negative values with respect to the
atmospheric pressure.

14



Multi zone HVAC system

The length between the point at the outlet of the centrifugal fan and downstream the duct where the flow is
fully developed is defined as effective duct length (L,) and is calculated for a turbulent flow by Eq 2.61 (A.
Cengel):

L,=10-D
Eq2.61

The static pressure causes the air in the duct to flow. On the other hand, the velocity pressure results from the
air movement and is defined as the pressure that is required to accelerate from zero to some desired velocity.
Pgyn is proportional to the kinetic energy of the stream of the flow. From the above, it is desirable to have a
high Pg;q¢ic compared to Py, develop by the fan.

The process of the conversion the velocity pressure Py, to static pressure Pgqc in terms of decrease of
velocity and total pressure and increase of static pressure is known as static regain.

2.9.2 Fan and Inlet

The movement of the fan wheel pushes the air against the outside of the scroll. Therefore, at the top of the
outlet of the fan (point A), as shown in Figure 7 in the velocity profile, there is a “high” velocity whereas at
the bottom there is a negative velocity due to the rotating of the air back to the fan at the cut off attempting to
re-enter in the fan.

As the air moves towards the duct becomes more uniform across the duct, which means that at point B where
the flow is fully developed ,as shown in the figure 1, the static pressure will be higher in value than the
velocity pressure compared to the point A.

At the time that the flow is fully developed (point B) the system has gained the static regain. The total
pressure is approximately the same from point A to B, only the velocity and static pressure increases or
decreases respectively.

In order to achieve the best fan performance is advised as a technical prerequisite that at the outlet of the fan
keep the duct as straight as possible and avoid the fittings near the fan outlet in order to eliminate the system
effect.

2.9.3 Fan curve

In order to obtain the fan curves for different frequencies from the one provided by the manufacture an
approximation can be made. The fan curve can be approximated by a second order polynomial by use of at
least three points from the original curve.

The approximation is:
AP (qin) = Go + @1 * qin + a3 - iy £q 2.62
Where,

e AP, is the differential pressure across the fan [Pa]
e The parameters a,, a,, a;

The parameters can be approximated by least squares method. It is an estimation method, which considers
the minimum of squared errors (System Identification, Least squares estimation, 2014).

O, =Wr-w)L.-9l.y Eq 2.63

15
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Where,

e Y inthis case is the point for the pressure difference
e W isthe regression vector, containing g;, in form of:

Y=[1 gin gk Eq 2.64

2.9.3.1 Affinity laws
After the polynomial for the original fan curve is found, the fan curves for different fan speeds can be found
by use of the Affinity laws.

The affinity laws can be expressed in terms of:

n d n
Volume capacity: &, &M

QZ_nzd_z CIz_nz

Head or Pressure:

dpi; (nl)z dy R dpi; (E)Z

dPZ_ n, d_2 dPZ n,

1 Eq 2.65

p Py <n1)3 dq Py <n1)3
rr —=|(—) - — » —=|—
owe p, np d, p, n;

Where,

e n isthe operating speed of the fan [RPM]
e 1 and 2 denotes at the previously operating condition and the current operating condition of
the fan, respectively

The diameter change is eliminated in the equation since only the frequency of the fan can be changed.

An asynchronous motor controls the fan speed, where the frequency driver controls the speed of the motor,
given by the following equation:
f

a)(t) =n= 277,'(1—5)‘p‘—N Eq 2.66

Where,

e fisthe frequency [Hz].
e pisthe number of poles.
e N isthe gear ratio.

e sistheslip.

The slip is assumed to be constant. Thereby the following can be found:

. _f
volume capacity: g, = q, 7
1
Eq 2.67
2\
Pressure: dP, = dP; (—)
fi

16
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From these equations, the pressure and inflow rate can be determined for different demands of frequency
based on the values provided from the fan curve of the manufacture.

2.10 System curve
The system curve is a representation of how much resistance or losses exist throughout the pipe system. It is
a relation between the flow rate and differential pressure over the fan.

Using the Bernoulli equation, the sum of all pressure loss between two points along a streamline in a duct
can be found to be:

1 1
PA+E'p'vj+p'g'hA+APt=PB+E'P'U§+P'9'hB+f'p'9 Eq2.68

Where,

o AP, is the differential pressure over the fan [Pa]
e faccounts for the friction in the ducting system.
Rearranging for AP;:
Vi —v2
2

AP, = (P — Py) + +Chg—hy) p-g+f-p-g Eq 2.69

The pressure loss due to friction can be expressed as:
f-pg=k-qnpg Eq 2.70
Where,

ek is the resistance coefficient [-]

The remaining of the equation can be given as the static pressure that the fan needs to raise:

vi —vj

2

Pstaticz(PB_PA)+ p+(h3—hA)pAg Eq2.71

Assuming that the velocity do not have significant changes at the two points, and that P, = P;y,, P = Pyone
and p4 = pin, the static pressure becomes:

Pstatic = (Prone = Pin) + (hy —hy) " pin- g Eq2.72
The differential pressure across the fan then becomes:
APt=Pstatic+k'Qi2n'pin'g Eq2.73

Where k is the resistance coefficient, which includes all the minor and major losses in the system such as
duct bending, roughness of the ducts material, damper openings etc. This coefficient is introduced further in
the chapter for the multiple zone modelling, Chapter 3.4.
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2.10.1 Operating point

To achieve the desired pressure or flow rate into the zone a specific operating frequency and differential
pressure of the fan is needed. To obtain this, the intersection of the fan and system curves has to be found.
This idea is illustrated in Figure 8.

capacity curve

-~
~as

System head-capacity
curve

.
Friction and *+_
minor losses  *

.

Head

Total static head

Capacity

Figure 8 The Operating point. (Controlglobal, u.d.)

As the condition in the system changes, such as damper openings, the resistance and thereby the system
curve will change. In order to maintain the required flow rate, the frequency needs to be altered.
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3. Model extension

3.1 Heat transfer

In the industrial conditioning the values of temperature and humidity are lying within well-defined limits in
order to be carried out the preferred results of the system. In other words the picture of the conditioning of
the comfort zone in an industrial or scientific process is quite different if compared with any other appliance
of HVAC systems. The choice of the inside conditions is based clearly on what is wanted and not based on
statistical survey outcomes. This means that a change of the limits may devastate the preferred work that is
already done.

The pre-investigated model will in this section be extended in forms of considering the fraction of return air
and the fraction of outside air coming into the mixing box. In addition to this, the moisture or humidity is
only considered as a part of the mass balance. The mass balance consider the dry air and water vapor
separately for simplicity.

The system is depicted in the block diagram below.

- \
Coaling/ \
utsideair & || L‘-'Bhumdlﬁcntlcnj - Heaber - > .l
Humidifier |
\ Y
\
Fam
Zone
Return air
- L
Exhaust
air
L)

Figure 9 Block diagram of the whole system.

For the investigation of the humidity changes in the mass balance is only considered when the outside air and
return air are mixed, in the cooling coil and in humidifier, when dehumidification and humidification occurs.
It is assumed that no extraction of moisture occur in the heating coil. Furthermore, it is assumed that the fan
has no influence in the temperature and provides only with changes in the volumetric airflow.

3.1.1 Mixing Box

In the mixing-box the fraction of air that has left the zone and was not exhausted, returns to be mixed with a
new amount of outside air. This is done both to provide savings in the heating and to maintain a “fresh-air”
quality.

19



Multi zone HVAC system

The block diagram of the process is illustrated in Figure 10.

m, T, Mmixs Tmix

Mixing Box

Maem Tatm

Figure 10 The mixing process.

When the two flow streams are mixed, both heat and moisture is changed due to their previously
environment is different in both temperature and humidity.

The return air can be modelled as a fraction of the heat transfer, which leaves the zone:
Qr =p- ma,out “hout Eg3.1
Where,

e [ isthe fraction of air which is not exhausted [-].

® g 0ytlS the outlet mass flow rate [%g] of the zone.
e h,y: is the enthalpy of the outlet of the zone [k]—g]
e (, is the heat transfer rate of the return air [ﬂ

For simplicity in the equations it is assumed to be:
Qr = Mg, - hy Eq 3.2
Where,

e g, isafraction B of mg oy
* hy =hoye

The amount of mass flow from the outside into the mixing chamber is based on a specific mixing
temperature. The heat transfer from outside is expressed as:

Qatm = Mg atm " hatm Eg 3.3

Where,

o Thgem IS the mass flow of outside air [k?g]

o hgm iS the enthalpy of the outside air [k]—g]

e Qgm IS the heat transfer rate of the outside air [ﬂ
The heat transfer balance of the mixing box can be found from:

Z mh = Z mh Eq 3.4
in

out
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Which leads to:

Qr + Qatm = Qmix - ma,r ) hr + ma,atm ' hatm = ma,mix ’ hmix Eq 3.5

ma,mix ) (hatm - hr) = ma,mix ‘R Eg3.6

Substituting for the enthalpy, the expression can be altered to:

Qmix = ma,mix *Cair * (Tr - Tatm)
Eqg 3.7

Where the mass flow rate of dry air is:
ma,mix = 7’ha,r + 7’ha,atm Eq 3.8
And,

® Mg mix 1S the mass flow rate [Ks—g] in the mixing box.

e T, is the temperature [K]of the return air.
e T,um 1S the outside temperature [K].

3.1.2 Cooling coil heat transfer
Heat transfer to cooling coil can be described in three stages:

e Airstream transfers heat to the fins and pipes outer surface.

e Then, heat is transferred through the metal of the fins and the wall of the piping.

o Final step, concludes in the main stream of the coolant by passing through the inner walls
of the tubes through the surface film of the cooling fluid.

The process of the cooling coil is depicted below.
mmix Tmix mcc: ch

Cooling

Figure 11 The Cooling process.

In this process, the air is cooled and some heat is extracted from the air, therefore a change in the heat

transfer will occur:
Z i = Qg + Z hh
in out Eq 3.9

Where Q. is the heat transfer rate [ﬂ of which the air is cooled down. The heat flow balance for a cooling
coil is:

ma,mix ' hmix = ma,cc ' hcc + Qcc Fa 3.10
qo.
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The dynamic heat transfer rate of the dry air that is applied in the cooling coil is described by the following
fundamental equation (Bourhan, Molhim, & Al-Rousan, 2004):

dT,.

ce”gp = Mmix * Cair = (Tmix = Tee) = Muwee ™ Cow " (Tecyin ~ Tecwour ) Eq3.11

dT,.

Cec - dt

= Mypix * Cair (Tmix - ch) - mwcc,max - Openingcc - pr ’ (TCCw,in - chwout ) Eq3.12

Eq 3.12 was used instead of Eq 3.11, in order to define the range of the unknown mass flowrate m,, . it was
therefore used a fixed maximum flow rate. Assuming when the valve is fully open the maximum flow rate is
achieved, the Opening indicates how much the valve is open. This approach neglects the orifice equation
for the valve and thereby it is assumed a linear relationship between the opening and the mass flow rate.

Where,
Cee = mee " Cir Eq 3.13
And,

o m..isthe mass [kg] of the air inside the cooling coil

e T, isthe temperature[K] of the air inside the cooling coil

e Tnix [K] is the temperature of the mixed air inserted to the cooling coil after the mixing
box

o 71hy,.. IS the mass rate [Ks—g] of the water that flow through the cooling pipe and transfers

the temperature of the water into the cooling coil in order to achieve a change (lower)
temperature of the air exerted from the cooling coil.
o T, and T, .. are the temperature [K] of the water that come in and out of the

CClw,in ut
cooling coil pipe respectively.

e Openingcc is the opening of the valve in terms of how many percentage flow rate is let
through.

. - . K . .
®  TMycemax 1S the maximum flow rate [Tg] of the cooling oil

3.1.3 Heating coil heat transfer
The heating process is depicted below.

Mee Tee Mpe, The
Heating Coil

Figure 12 The heating process.
When the cooled air flow through the heater, no addition in flow rate occurs:
Mg mix = Ma,he Eq 3.14

Where m, . is the mass flow rate out of the heating coil. Through the heater, additional heat is added
making the energy balance:
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th+ One = th Eq3.15
in

out

Where Q. is the heat transfer rate [ﬂ of which the air is heated.
The static heat transfer balance therefore becomes:

th + Mg mix * mix = ma,hc “hpe — th = m'a,mix * (hpe — himix) Eg 3.16

The dynamic heat energy transfer rate by the heating coil is being introduced and calculated by the equation
showed below:

Che - dzlc = titmix * Cair* (Tne = Tee) = twne " Cow * (Thews — Thewons ) £q3.17
&
dThe _ .
Che "~ = Mmix * Cair * (The = Tec) = Mownemax - OPeNinGc * Cow * (Theys, — Thewour ) Eq 3.18
Where,
Che = Mpc * Cyir Eq 3.19
And,

e my, isthe mass [kg] of the air inside the heating coil.
o Ty.is the temperature [K] of the air inside the heating coil.
e T,.is the temperature [K] after the cooling coil.

® 1M,nc IS the mass rate [%]of the water that flow through the heating pipe.

®  TMyncmax 1S the maximum mass flow rate [%] of water in the heating oil
e Openingyc is the opening of the valve of the heating coil

Note that, the minus sign in Eq 3.18 do not result in heat extracted form the flow. The negative sign is due to
a negative coil temperature different, (T, — Thc,,.. ), DeCause the temperature leaving the heater will be
less than what is entering. The temperature leaving the heating coil is the inlet temperature, T;,, which is used
in the single zone model.
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3.2 Humidity

The humidity is an important factor for the offshore platforms both in case for manned and un-manned. In
case of a manned platform, the humidity influences the comfort and health condition of the crew. If the
humidity becomes too low, dry skin and irritation can occur, on the other hand if it is too high it can cause
less sweet to evaporate and thereby the function to dissipate heat from the body becomes less. In addition,
the critical thinking is weakened.

For the unmanned case, the equipment and electrical components are affected. In addition a too high
humidity will cause increases in corrosion. Carbon steel is used for some components inside the buildings,
therefore low humidity is needed, since a relative humidity above 60% will result in start of corrosion affects
. Normally 65% is the required maximum. On the other hand having a too low humidity will cause a large
increase in electrostatic charges (ESC). The ESC can result in either overheating of component, thereby
causing them not to work proper, or to fail in future operation.

Therefore, the control of the humidity is very important. In this section different perspectives of the humidity
is introduced and a proposed model is found. Furthermore, different important terms related to the humidity
are explained.

3.2.1 Dry air

Often only the heat transfer is studied when modelling an HVAC-system but when the moisture or also
referred to as humidity has to be accounted for, the existence of another gas in the air has to be considered.
Per definition (Cengel & Boles), the humidity is a relationship between how much dry air and water vapor
there is in an amount of air. This means that instead of considering only one-phase gas, a two-phased gas
mixture has to be modelled. In this project the two phases are considered separately. In case of more
moisture is added the water vapor mass is increased and vice versa. The water vapor is also referred to
saturated water.

Air contains different gases in different amount. Normally air contains some water vapor, this is referred to
as atmospheric air, whereas dry air contains no water vapor. It is beneficial to consider the dry air since the
composition do almost not change but the vapor changes due to condensation and evaporation throughout the
air handling unit.

3.2.2 Saturated Temperature and Pressure

The saturation temperature and pressure is related to when a pure substance changes its phase, e.g. when
water starts to boil. The temperature for the boiling point for a constant pressure is called the saturated
temperature, Tg,:. FOr constant temperature, a saturated pressure can be found in the same manor, Pg,;. (A.
Cengel)

A relation between the temperature, pressure and specific volume is illustrated in the Figure 13, p. 24.

COMPRESSED [< ¥ 9 s %, APOR
LIQUIE s . Q >
REGION U

X \

SATURATED 2\ / SATURATED 2\

LIQUID-VAPOR %) - LIQUID-VAPOR K
REGION | & REGION

Figure 13. T-v and P-v graphs. (Cengel & Boles)
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The large amount of energy that it takes to change the phase is called Latent heat and is the energy absorbed
or released during the process.

3.2.3 Dew point

The dew-point temperature Ty, is the temperature at which the water vapor begins to condense in an air-
water vapor mixture when it is cooled down at constant pressure. At this point, the moisture capacity of the
air equals to the amount hold by the air. A drop in temperature results in condensation.

po = Tsat (Psat = Pwater)

Hu
£ — [

Dewpoint T, (C)

20408 Eric A, Schilft

30 35 40

10 15 20 25
Air TemperatureT (C)
Figure 14 Relationship between the drew point temperature and air temperature (dry bulb) (wikipedia, u.d.)

The dew point temperature can be approximated to be (ajdesigner, 2015):

1

¢ \8

Where ¢ is the relative humidity [%] and Ty, is the dry bulb temperature [C].

Besides the dew point temperature, terms like dry-bulb and wet-bulb temperatures are often used related to
moist air. The dry-bulb temperature referrers to the temperature of the air whereas the wet bulb temperature
is the temperature of adiabatic saturation (100% RH). This temperature is always lower than the dry bulb
temperature (engineeringtoolbox, 2015).

3.2.4 Specific humidity
The specific humidity is also known as the moisture content or humidity ratio and is defined as the mass of
water vapor in kg of dry air in an air-water mixture (Cengel & Boles).

The specific humidity w is defined as:

=, Eq 3.21

Where m,,, and m, is the mass [K g] of the water vapor and the dry air respectively.
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From the ideal gas law the mass can be found:

<

p-V=m-R—>m=p-— Eq 3.22

ﬂ

Substituting Eq. 3.22 into Eq. 3.21 the following can be obtained assuming same temperature and volume of
both gases:

_pw'Vw'Ra'Ta _Ra'pw
wW=——m—mm"> W=—
Pa Vo Ry Ty Ry, " Pq Eq3.23
Where }}:—“ is the relative density of water vapor with respect to dry air. Knowing R, = Mi, R, = Mi and

that the molar mass of water is 18.02 % and for dry air 28.97 %, the following can be found from a simple
substitution:

Re _My _1802_ .
R, M, 2897 Eq3.24
Finally, the specific humidity becomes:
_ DPw
w = 0.622 o £q3.25
The total pressure is the sum of the dry air and water vapor pressure:
Ptot = Pa t Dw Eq3.26
Combining Eq 3.25 and Eq 3.26 the expression for the specific humidity can be found to be:
Pw
w=0622———
Ptot — Pw Eq3.27

The water vapor saturated pressure at ambient pressure of latm can be found from (engineeringtoolbox,
2015):

T
pw = 610.78 X Q(T%B,SX 17.2694)

Eq 3.28
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3.2.5 Relative humidity

The relative humidity, RH, is the relationship between the amount of water vapor the air is holding and how
much the air can hold. It is defined as the ratio between the pressure of water vapor in moist air at a given
temperature, and the pressure of saturated water vapor at the same temperature.

m P P
p=—Y=—""— 5 p=—2—-100% Eq 3.29
mg  Psarw sat,w
<
w"P
b tot -100% Eq 3.30

T (0622 + @) - Pogr

Where P, is the pressure of saturated water vapor [Pa].

The relative humidity is related only to the temperature and pressure changes, as the saturation pressure is
based on the dry bulb temperature. The relation between the water vapor pressure and its saturation pressure
can be expressed as:

Py =" Psarw Eq3.31

The relationship between the dry bulb temperature, specific humidity and relative humidity is depicted in the
Figure 15.

Dry bulb Temperature vs. Specific humidity
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Figure 15 dry-bulb temperature with respect to specific humidity for different RH.

It is possible to see that, the higher relative humidity the larger changes occur in the specific humidity when
the temperature increases.
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3.2.6 The psychometric chart

The psychometric chart is used to graphically represent psychometric properties of air, such as enthalpy,
humidity and dry-bulb temperature. It is often used for processes related to HVAC-system to both
understand how the properties changes during the different process throughout the HVAC-system, and to
define the comfort zone of which the room is needed to be in. The chart is given for a constant pressure and
is normally given for atmospheric pressure, for other pressures some correction has to be made. A general
overview of the construction of the chart is depicted in Figure 16.
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Dry-bulb temperature Dry-bulb temperature

Specific humidity, @
Specific humidity, @

Figure 16 The psychometric chart, indicates constant reference lines. (Cengel & Boles)

Different lines of interest can be found in the charts above; the Dry-bulb temperature lines is the vertical
dashed line indicated in the chart to the right. Along this line, the temperature is constant. The values of the
temperature increases from left to right. The specific humidity is the right vertical axis. The RH starts from
the saturation line, indicated in the left chart, decreasing from 100 % to 0 %. Additionally, the Dew point can
be found from drawing a constant line from the specific humidity to the saturation line. Along this line the
specific humidity is constant. The process is not necessarily at the dew temperature. If not, the line will
intersect the Dry-bulb temperature line. In addition, the enthalpy, specific volume and wet-bulb temperature
lines can be found.

3.2.7 Air-conditioning processes

The psychometric-chart can also be used to illustrate the processes, which occur in an air conditioning unit.
These processes include simple heating, simple cooling, humidification and dehumidification in order to
maintain the desired temperature and humidity in a zone. The processes are depicted in the psychometric
chart below. In summer, the process normally is to cool and dehumidify and vice versa.
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Figure 17 Air conditioning processes.
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3.2.7.1 The heating and humidification process

This process is indicated in the left chart in Figure 18. The humidification process is when moisture is added
to the air without any changes in temperature (dry bulb). Moisture particles are sprayed into the air where it
evaporates and is absorbed. In the chart to the left in the process line between point 2 and point 3. In this
project, a humidification process where no temperature is added is considered but in reality, a small change
in temperature will occur because the added moisture has a higher temperature.

In the HVAC process heat will be added just before the humidifier. This process is indicated with the line
between point 1 and point 2.

i
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10°C 22°C 25°C 14°C 30°C

Figure 18 a) Heating and humidification process, b) The dehumidification and cooling process.
(Cengel & Boles)

3.2.7.2 The cooling and dehumidification process

The dehumidification process is where moisture is removed by keeping the dry-bulb temperature constant (It
will gradually decrease when water is condensed). The process is indicated in the right of Figure 18 by the
decreasing line between the point 1’s intersection with the saturation line and point 2. As the humidification,
the dry-bulb temperature will change by a small amount. This change is not accounted for in this project. In
the HVAC-system process the dry air is cooled down by passing a cooling coil in which cold water flows.
The air is cooled down to the Dew point temperature if dehumidification is needed. At this point, the relative
humidity is 100% and the dehumidification process begins. In this process, the drew-point keeps decreasing
along the saturation line together with the temperature and specific humidity.
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3.2.7.3 Overall HVAC air conditioning process

The overall HVAC-system process is depicted in Figure 19. The chart is used to evaluate which of the
processes are needed, for a given zone specification, in order to achieve these specifications. The different

sections in the system are denoted by a number:

= Point 1: Mixing box. Process of cooling in order to get to point

= Point 2: After the cooling coil, re-heat in order to reach the point 3 which is the comfort zone.

2.

= Point 3: The comfort zone is characterized by the zone specifications. In other words the comfort

zone is the desired specifications for each zone (e.g Temperature, Humidity).

Simplified psychrometric chart at 1 atm total pressure
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Figure 19 HVAC processes (ohio.edu, n.d.)

Specific humidity (co) grams moisture { kilogram dry air

In the Figure 19 at state 1, the return air and outside air is mixed and indicated the mixture properties. The
black arrow indicates the return and outside air process. Here after the mixing air enters the cooling coil,
reducing the dry-bulb temperature and going to the saturation line. The red arrow along this line indicates the
condensation process. This cycle continues repeatedly, for given air properties.

As it was already mentioned, the comfort zone is the region specified for the room air properties. This region
can be used to see which process are needed for next cycle; e.g. If the humidity of the supply air is to low,
only humidification process is needed, depending on the mixing condition.
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3.3 Humidity model

The humidity model for this project is based on the assumption that the dry air and water vapor is considered
separately. The humidity model is based on the mass balance for each section of the HYAC-model. Starting
with the mixing box and ending with the outlet of the zone.

3.3.1 Mixing box

As discuss in chapter 3.2, only a fraction of the outlet air from the zone returns to the mixing box. As the
humidity and temperature does not change much when some air is exhausted, it is assumed that the specific-
and relative humidity of the outlet is the same for the return air. The flow mass of air from outside into the
mixing box is based on having a mixing temperature fixed at 15°C. The specification of the return water
vapor is given as:

mw,r =B mw,out: Wy = Woyt, bout = br

Where,

e 1, and m,, o, are the mass flow rate of water vapor[i—g]of the return and outlet air
respectively.

e w, and w,,, are the specific humidity [ Kg moist

—,]of the return and outlet air respectively.
Kg dry air

e ¢,u: and ¢, are the relative humidity [%]of the return and outlet air respectively.

The process for the mixing box is depicted in the block diagram below:

mw.r mw.mix
Mixing Box
mw.at
Figure 20 The mixing box.
The mass balance for the control volume of the mixing box is:
My + My gtm = My mix Eq 3.32

Where my, g¢m and my, i, are the mass flow rate of water vapor[%]of the outside and mixing air
respectively.

Isolating m,,, from Eq 3.21 results in a relationship between the mass of the dry air and the water vapor:
my, = w- mg Eq 3.33
Substituting Eq 4.31 into Eq 4.30 results in:

Mgy * Wy + Mg atm " Watm = Mamix * Omix Eq 3.34
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From this, the static equation for the humidity of the mixture becomes:

_ Mgy~ Wy + Mg atm ™ Watm

Wmix = ; Eq 3.35
e ma,mix
Taking the dynamic equation as the:
dwmix . . Eq 3.36
Mg mix * T =my- (wr - wmix) + matm(watm - (‘)mix) as.

Where m,, i, IS the mass [K g] of dry air in the mixing box.

This is found from a specified volume,V,,,;,, and the density of air. The density of air inside the mixing box
is found from the ideal gas law:

Pmix
Pmix =57 Eq 3.37
e Rair * Tinix
The equation for the mass is:
Mamix = Pmix * Vimix Eq 3.38

3.3.2 Cooling coil and dehumidifier
The mass flow rate of the water vapor into the cooling coil is equal to the mixture of mass flow rate of water
vapor. This process is depicted in the block diagram in Figure 21.

My mix

mwcc.out

Figure 21 The Cooling coil process.
The water vapor mass balance is:
My, mix = Mw,cc T Myecout Eq 3.39
Where,
®  Myccoue IS the rate of mass condensation of the vapor [%]
e 1y, . isthe mass flow rate of water vapor out of the cooling coil [%]
Applying the relationship between the dry air and the water vapor mass, the following equation is obtained:
Mg mix * Omix = Ma,cc * Oce + Muecout Eq 3.40

Where w, is the specific humidity of the air leaving the cooling coil.
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The mass flow rate needs to condense in order to obtain the desired specific humidity of the air leaving the
cooling coil. The amount of water vapor needed to dehumidify is calculated as:

My out = Mamix (Wmix — W¢c) Eq 3.41
The dynamic of the humidity in the cooling coil can be found to be:

dwec

Mgcc* 7 = Mg mix " ((‘)mix - (‘)cc) - mwcc,out Eq 3.42

Here m . is the mass of the air in the coiling coil and is found accordingly to Eq.3.38.

3.3.3 Heater
As the dry air flows through the heating coil and is heated up, no change in state occur therefore specific
humidity remains the same whereas the relative humidity will change meaning that ¢p; > ¢,.

mw.cc mw.hc
Figure 22 The Heating coil process.
The mass flow rate of the water vapor becomes:
My cc = My pe Eqg 3.43
A Mamix * Wcc = Mapc " Whe = * Wee = Wpc Eq. 3.44

Where,

® Wy, isthe specific humidity of the air leaving the heating coil.
e 1y, . IS the mass flow rate of the water vapor leaving the heater [%]

3.3.4 Humidifier
Before the air is let into the zone, if needed, some hot water is sprayed into the air to increase the mass of
water vapor. The process is depicted in the figure below.

My he

My.in

Figure 23 The humidification process.
From applying the mass balance of the water vapor, the following is obtained:

My pe + My in = My p Eq 3.45

My mix " Ope T My in = Mg mix * Op Eq 3.46
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Where,

e 1, IS the added water vapor by the humidifier [Ks—g]
e wy are the specific humidity of the air leaving the humidifier.

The amount of water vapor needed to be added to the air in order to obtain the desired specific humidity in
the zone is:

mw,in = ma,mix ’ (whc - wh) £q3.47
q3.

As wy, is the specific humidity, which has to go into the zone, it should be the set point of the zone but as the
outlet of the zone has another relative and specific humidity, w,, can be calculates from a steady state
condition for the humidity of the zone, which will be further explained in the next section:

deOTle

Mzone T = My * (win - wzone) — Moyt (wzone - wout) £q 3.48

Where w,,ne IS the specific humidity in the zone. In order to determine the amount water vapor needed
added, the specific humidity of the inlet air is needed to be found. It is found from solving Eq 3.48 for a
steady state condition:

0 =1y (Win — W) — Mgy " (W7 — Woyr) Eq 3.49

Win = 2" Wy setpoint — Wout Eq 3.50

Since the inflow of air occurs after the humidification process, the humidity that leaves the humidifier is the
one assumed to enter the zone:

Wp = Win
The dynamic equation for the humidifier is:
dw; .
mp - dtm = Mg mix " (wcc - win) + My in Eq 3.51

Where, my, is the mass of the humidifier.

3.3.5 Zone
No evaporation or condensation in the zone is assumed. The process of the zone is depicted in the figure
below:

My in mw.out
Zone

Figure 24 The process of the zone.

The humidity of the outlet of the zone is assumed to be fixed at all times but a dynamic could be made in
order to account for the changes over time. In addition, it should be noticed that after the humidifier the fan
changes the pressure in order to obtain a pressurization in the zone. For simplicity, it is assumed that the fan

34



Multi zone HVAC system

has no influence on the humidity and temperature from this point and into the inlet of the zone. In reality,
some changes in temperature due to pressure changes and friction will occur in the duct system.

The water vapor mass balance for the zone is:

deDTle

Myone * dt =Mg,in " (win - wzone) — Mg out " ((‘)zone - wout) Eq 3.52
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3.4 Multi zone model

To extend the single-zone model to a multiple zone model, both heat transfer equation and mass balance
need to be found for each zone together with the wall heat loss that couples the zone temperatures. In
addition, fan type and dampers need to be changed in order to fit the total required inflow rate for all three
zones. In addition to the constant radiator, variable radiators are introduced in order to account for the
individual zone temperatures.

3.4.1 Heat transfer model

If a difference in the temperatures between neighbor zones exist, then the heat loss between the zones results
in a decrease of the temperature in the zone with the highest temperature and in an increase of the other one
with the lowest temperature. This temperature change is related to the dynamic of the wall temperatures. To
simplify the equations the wall losses to the outside, through the roof and through the floor are combined to
one constant value, Q,,4;;. All losses still are of different values, the are only combined notation wise. The
doors U-value is assumed to be the same as the walls, for simplicity.

A sketch over the ZEnes with the heat losses (except fO{ roof and floor) is depicted in the figure below.

Qwau Qwau Qwair
“1 Quau 20Mel Qwiz > Qo ZON€2 Quyz Quwa2 Zone3  CQwan ’
Qwal Qwan Qwau

i i i

Figure 25 The figure depicts the heat transfer losses notation used in the multi-zone model.

3.4.1.1 Zone 1.
The overall heat transfer balance can for zone 1 is found to be:

AQ'zl = Qin,zl + Qout,zl + Qrad,czl +3- Qwall + Qroof + Qfloor + lez

. Eq 3.53
+ Qrad,vzl
where,
o Q'md,m is the heat transfer from the constant radiator.
o Q'md,,m is the heat transfer from the variable radiator.
o Q'mof is the heat transfer through the roof.
e Qf00r is the heat transfer through the floor.
e Q1 is the heat transfer between zone 1 and 2.
Combining Qwaur, Qroor @Nd Q 100, to ONE CONStant Q,qy;, the above equation becomes:
AQ'zl = Qin + Qout + Qrad,czl + 5 ) Qwall + lez + Qrad,vzl Eq 3.54
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The temperature of zone 1 is calculated as:

del _ Qin + Qout + Qrad,czl +5- Qwall + lez +Qrad,vzl

Eq 3.55
dt Cp My
The wall losses was presented in chapter 2.4 to be:
Qwall =U-A-(T; — Tour) Eq 3.56
Regarding the wall loss between the zones, the heat transfer is given by the same equation:
Qwiz =U A1z (T, — Ty12) Eq 3.57

where,

e T, isthe temperature [K] of the wall between zone 1 and zone 2.
e A, is the surface area of the wall [m?].

For this case, the dynamic of the wall temperature is included to account for both zone temperatures.
The dynamic of the wall temperature can be expressed as:

) dT,12
Qwiz = Cp,wall " Myall d—M; =Upp A1 (Tzl - w12) — Uy " Ay (Twlz - Tzz) Eq 3.58
From the above it follows that:
Uiz = Uz, A = Ap
The dynamic of the wall temperature becomes:

dTwlZ _ Uiz " A1z (Tzl - Tw12) — Uiz Az (Twlz - Tzz)

Eq 3.59
dt Cp,walll " Mwalin

Where m,,q; is the mass of the wall and c,, ,,.; is the specific heat capacity of the wall.
3.4.1.2 Zone 2.
The overall heat transfer balance for zone 2 can be found as:

AQZZ = Qin,zz + Qout,zz + Qrad,czz +2- Qwall + Qroof + Qﬂoor + Qw21 + Qw23 Eq 3.60

+ Qrad,vzz
&
AQzl = Qin,zz + Qout,zz + Qrad,czz +4- Qwall + Qw21 + Qw23 + Qrad,vzz Eq 3.61
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The temperature of zone 1 becomes:

dez _ Qin,zz + Qout,zz + Qrad,czz +4- Qwall + Qle + Qw23 + Qrad,vzz

Eqg 3.62
dt Cp "My

The temperature of the wall between zone 1 and zone 2 can be found from Eq 3.59.

Regarding the wall loss between the zone 2 and zone 3 is given as the formula between zone 1 and zone 2.
The dynamic of the wall temperature can be expressed as:

Qw23z = Cpwall * Mwall d—v; = Upz " Azz* (T — Typ3) — Uzz * Agz (Typz — Ty3) Eq 3.63

The dynamic of the wall temperature becomes:

dTw23 _ Upz = Azz- (Tzz - w23) —Uy3-Azsz- (Tw23 - Tz3)

Eq 3.64
dt Cp,waliz “ Mwyali2

3.4.1.3 Zone 3.
The overall heat transfer balance can for zone 3 is found as:

AQ'z3 = Qin,zB + Qout,z3 + Qrad,cz3 +5- Qwall + Qw23 + Qrad,vz3 Eq 3.65
Where T,,,5 is the temperature [K] for wall 2.
The temperature of zone 1 results as:

dT,3 _ Qin,z3 + Qout,z3 + Qrad,cz3 +5- Qwall + Qw32 + Qrad,vz3 Eq 3.66

dt Cp "My,

3.4.2 Temperature equations
By substitution of each heat transfer term, the equation to the expanded temperature equation can be found.

The inlet and outlet heat transfer rate was given by Eq 2.34 and Eq 2.42 from this the temperature models
result in:

Pinz, — P
Cp " Pinz, " Cd,inz, Ain,zl ’ \/2 ’ (M) ’ (Tin - Tzl)

pin,21
T,
dt Cp My
Pzz, — Dout Eq 3.67
Cp " Pz, " Cdoutzy * Aout,21 ' \]2 ' (zzlp—Zlou) ) (T21 - Tatm)
+
Cp " mzl
+ Qrad,czl + 5 Quau + Uiz A1z - (Tz1 — Tw1z2) n h-A-(Trqaz — Tzl)
Cp " mzl Cp * mzl
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Pinz, — P
Cp " Pinz, " Cd,inz, 'Ain,zz ’ \/2 ’ (M) ' (Tin - Tzz)

pin,zz
dT,,
dt Cp My
Dz.z, — Pout
Cair * Pz, " Cd,outz, 'Aout,zz ' \]2 ' (zzzp—zou) ' (Tzz - Tatm)
’ Eq 3.68
+
Cp " mzz
+ Qrad,czz T4 Quan + Uiz " A1z " (Tyz — Twiz) + Uz - Az - (Tyz — Tiy23)
_ Cp : mzz
n h-A-(Tradazz — Tzz)
Cp *My,
Pinz, — P
Cp " Pin,z; " Cd,inzs 'Ain,z3 ) \/2 ) (%) ’ (Tpipe - Tz3)
in,zs
dT,; _
at Cp *My3
Pz.z, — Pout Eq 3.69
Cp " Pz; " Cdoutzs " Aout,23 ! \/2 ' (%) ' (Tz3 - Tatm)
3
+
Cp ) mz3 B
+ Qrad,cz3 +5- Qwall + U3 'A23 ' (TZ3 - Tw23) + h-A- (Tradz3 - TZS)
Cp My, Cp * My3
3.4.3 Mass balance
3.4.3.1 Zone 1.
The mass balance for zone 1 is:
Amy, = my, — Moyt Eq 3.70

From chapter 2.7, the inflow mass flow rate was found as the product of the volumetric inflow and density of
air:

My = Pg1° qin,z1 Eq3.71

The volumetric inflow for zone 1 is given as:

Pinz, — Pz
Qin,z, = Cd,inz, 'Ain,21 '\/2 ) <#> Eq3.72

P in,zq

Defining the discharge coefficient by:

39



Multi zone HVAC system

Ce

Cd,in21
) (le -C, - Ain,zl)z Eq 3.73
Pin,z, ° Al

The mass flow rate leaving zone 1 can be found in the same manner. From this, the equation for the mass
flow rate changes in the zone can be found to be:

Amy, = Pinz1 " 4in,z1 — Pz1 * Qout,z1

&
Eq 3.74
. Pinz, — Dz1 Pz1 — D
Ay, = Pinz1| Cd,inzy 'Ain,zl C2 <M> — Pz1| Ca,outzy 'Aout,zl C2- (Z—out)
pin,21 ,021
3.4.3.2 Zone 2.
From applying the same equation for zone 2. The mass rate equation becomes:
Amy, = pyy - Qin,z2 — Pz2 " Qout,z2
&
Eq 3.75
. Pinz, — P Pz2 — D
A,y = pgy Cd,inz, 'Ain,zz -2 <M) = Pz2| Caoutzy -Aout,z2 - |2 (Z—out)
pin,zz pZz
3.4.3.3 Zone 3.
From applying the same equation for zone 3 the mass rate equation becomes:
Amyy = pys - Qin,z3 — Pz3 " Qout,z3
&
Eq 3.76

. Pinz, — D Pz3 ~ Pout
Az = pin,Z?, (Cd,in23 'Ain,z3 2 (%)) —Py3 (Cd,out23 'Aout,23 C 2 <%)>
143 3

3.4.4 Ideal gas law
The pressure equation is needed for each zone. The pressure in the ideal gas can be found to be the
following.

3.4.4.1 Zone 1.
The pressure for zone 1 is:

"R-Ty, Eq3.77
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3.4.4.2 Zone 2.
The pressure for zone 2 is:

3.4.4.3 Zone 3.
The pressure for zone 3 is:

Eq 3.78

Eq 3.79
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3.4.5 Duct system

Expanding the single-zone concept to a multi-zone concept includes furthermore to account for more supply
air. It is assumed, that the total required mass flow will equal to the amount need in each zone added
together. To look more into this, a duct system is roughly designed wherefrom the system curve of the
system is found. In addition, a fan to handle the amount of mass flow has to be found. The fan selection and
duct system are given in the next chapter for parameter estimation.

The principle of the multi-zone is depicted below.

VARIABLE VOLUME
'DAMPERS ,
! \ /
_:’ 1 / \
— i

@ \:{-..\_ 1{

Figure 26 Multi zone concept. (Montgomery & McDowall, 2009)
In this case, the feedback will not be the temperature but the pressure.

3.4.6 Alterations for the system curve
The system curve was presented in chapter 2.10, for this project a slightly different approach is used for the
multi-zone.

The pressure loss through the duct system can be found from:

Li V; vj
PL:ZE.E.7.p+ZKLJ-7-p Eq 3.80
Where,

e L, isthe total length of the duct [m].
e D; is the diameter of the duct [m].

e v isthe velocity [?]

e K jisthe resistance coefficient.

e f; is the friction factor, which can be found from:

€
€ 1 D 251
Re,—): — = —2log| =+ Eq 3.81
f(Re.5) 77 B\ 37 " Reyf
Where € is the roughness [m] of the duct surface.
And,
p RV D
Re = p Eq 3.82

This is the same approach as in Chapter 2.10 expressed differently. The difference in this project approach
compared to the previous is that the resistance coefficient is found based on the ducts systems duct length,
bends and damper openings.
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A sketch over different duct shapes and resistance factors are depicted below.

Bends and Branches
9@ smooth bend:
Flanged: K, = 0.3
Threaded: K, = 0.9

= 1

90° miter bend
(without vanes): K, = 1.1

V. e

L

180° return bend:
Flanged: K, = 0.2
Threaded: K, = 1.5

Tee (branch flow):
Flanged: K, = 1.0
Threaded: K, = 2.0

V'

L

'U

Figure 27 Different shapes and its resistance coefficients. (A. Cengel)

The simple ducts system has three 90°bends, two T-inlets, and three dampers. The resistance coefficient of
the dampers can be found from the following equation and table (Nardone):

Lg  ng-Wy

e Eqg 3.83
Ry 2 (Wg+Hy) 9

Where,

ng is the number of damper blades.

W, is the duct dimension parallel to the blade axis.
H, is the duct height [m].

L4 is the sum of damper length [m].

R, is the perimeter of the duct [m].

The resistance coefficient related to different opening angles are given in Table 1 degrees vs. resistance
coefficients of dampers.

Damper, Rectangular, Parallel Blades (Brown 1957)

Co
L 8, degrees
R 0 10 20 30 40 50 60 70
0.3 0.52 0.79 1.4 2.3 5 9 14 32
0.4 0.52 0.85 1.5 2.4 5 g 16 38
0.5 0.52 0.92 1.5 2.4 5 ] 18 45
0.8 0.52 0.92 1.5 2.4 54 4 21 45
0.8 0.52 0.82 1.5 2.5 54 9 22 55
1 0.52 1 1.6 26 54 10 24 65
1.5 0.52 1 1.6 2.7 54 10 28 102

Table 1 degrees vs. resistance coefficients of dampers. (Nardone)

A function for the opening area can be found and used in the model. This allows the model to account for
changing system curve and inlet pressures when the damper openings changes. This function is found in the
next chapter.
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4. Parameter estimation

In order to simulate the model all the parameters of the model has to be determined. The project considers
three zones on an unmanned transformer platform. A schematic of the three zones is provided by Semco
Maritime and is depicted in Figure 28. The specifications for each zone is given in Table 2.

szr AT 25 Pa R B = 50 szt AT 25 Po
WL EXHAUST: 1 ACH @ 4, EXHAUST: 1 ACH jt EXHAUST: 1 ACH

I | I

[} 1
I 1
1
| t
| !
1 1
! ] E
ROOM #1 i ROOM #2 ! ROOM #3 i
1 1
I 1
| l
I 1
1 1

PRESSURIZING AR [

COOLING AR INLET [

~a

Figure 28 The zone architecture schematic. [Semco Maritime a/s]

PARAMETER ROOM #1 ROOM #2 ROOM #3
MAX TEMPERATURE ‘ 25°C 30°C 21°C
ROOM PRESSURIZATION ‘ 25 Pa 50 Pa 25 Pa
ROOM DIMENSIONS [MM] ‘ 12000 - 6500-3500 10500-6500-3500 4000-6500-3500
U-VALUE FOR ROOM 05 w 05 w 05 w
“m3K “m3K “m3K

Table 2 indoor design criteria. [Semco Maritime a/s]

4.1 Temperature, pressure and density

The maximum temperatures are given in the table. The temperature in each zones are set to be some degrees
below the maximum and at same time, not too far from each other to avoid too much heat losses through the
walls between the zones. The temperatures are given as:

T, =21°C —» T, =29415K
T,, = 22°C — T, = 295.15K
Tyomes = 19°C - T3 = 292.15K

From the Meteorological Institute of Denmark (DMI), it is stated that the annual average ambient
temperature for 2014 was T,;,, = 8.4°C ,S0:

Tyem = 84°C = Typm = 281.55K
Assuming a constant outside pressure at:
Pgem = 1-10° Pa
The pressure specification is given in the table. From this, the setpoint for the pressure in each zone is:
P,, = 100025 Pa
P,, = 100050 Pa
P,; = 100025 Pa
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From the temperatures and pressures, the density of each zone can be determined from the ideal gas law by a
simple substitution.

P,
PV=n'R'T > prone =

Rair * Tzone

R, is the specific gas constant for air, which is 286.91{;7 (engineeringtoolbox, n.d.). From this equation,
the density of the air in each room is calculated below:

100025 Pa kg
Dy = 7 = 11812
286.9 —— -294.15K
Kg ) Kair
100050 Pa kg
Dy = 7 = 11815
286.9 295.15K
Kg ' Kair
100025 Pa kg
Pg3 = 7 =1.1934—
2869 —— -292.15K
Kg- Kair

4.2 Supply-air and Supply-duct system
4.2.1 Supply air
The supply air is based on the demand of an air change of 6 times pr. hour. The volume of the three zones
are:
Vo =273m3,  V,, =23838m3,  V,3=91m3
This results in a demand of:

m3 m3 m3
Qinz1 = 0.4-55?, Qingz = 0.3981T, Qinz3 = 0.1517T

The total volumetric inflow and thereby the minimum air supplied, which the fan needs to provide is:

3
Qtot = qz1 T 4z2 T qz3 = 1-004‘8T

4.2.2 Duct dimensions

To find the system curve, the resistance in the system is needed. The supply duct is considered and the
lengths of the ducting system are approximated either by the size of the zones or by the flow regime. The
entry length of the duct is the determined by the flow regime. The length has to be long enough for the flow
to fully developed. This length is strongly dependent on the flow regime, whether it is laminar or turbulent.

The Reynold number was given by Eq 3.83. The velocity can found to be:

3
m

Ve AT 02827 m?

m
=3.54—
s

The Reynolds number can be found for a dynamic viscosity of approximately 1.8 %.
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1259 . 354™ . 0.6m
m S

kg
. -5_~J
1.8-1075

Re = = 141470

The flow is clearly turbulent. From this, the entry length is defined as (A. Cengel). Letting the diameter to be
equal 0.6m:

L,=10-D =6.00m
The sketch of the duct lengths are depicted below. These values are chosen, as no specifications exist.

i 13000 , 10500 | 4000 |
r T T 1

!

!
E— T 77—
[ [
| [« He s s [u e A
200 & é-M H
00M 2.
5000 (‘T:‘ R
g
5 ]
=

7000 | 11350 | 750
T T

Figure 29 zones dimensions. [Own figure]

4.2.3 System curve

The system curve illustrates how much resistance there are in the given system. The resistance of the major
components of the system is part such as bends and inlets. As the shape of these are not specified,
approximations are found.

The inlet duct consists of three 90° bends, two T-bends and three dampers. In real applications, balancing
dampers are implemented in the inlet duct before the inlet to the zones in order to obtain the same inlet
pressure. These dampers are not considered, the inlet pressure is assumed almost constant.

3-90°Bends - K; =1.1
2+ Tbhends - K, =1to?2

Regarding the dampers, a resistance functions can be found by interpolating the values given in Table 1 in
chapter 3.4.6. The dampers which are used is Halton UTP Balancing damper.

Figure 30 Balancing damper — See Appendix 2 for further specifications.
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The blade length is and the blade width is 0.6x0.6m and there are 3 blades with the width of a blade of
. . . . L
approximately 0.2m. From this the relationship = becomes:

Ly 3-0.2m

2= = 0.375
R; 2-(02m+ 0.6m)

Using the dta provided in Table 2. The resistance coefficient with respect to opening area of the dampers are
depicted in the figures below.

Damper Resistance coefficient
35 T T T I T T T
j j j ! — KL - From table
30\ S o _KL-Aprroximation’

251
20
15}

10[

5 i i i i i i
0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

2
Agjn M1
Figure 31 Resistance coefficient with respect to area open

In the figure the values for K; given by the table is illustrated with the blue points. The red function is the
interpolated function for the resistance coefficient.

The function for the opening area are found and used in the model:
K. (Agin) = 2600.1- A%, —841.9- Ay + 67.5
The found equation is depicted as the red function to the right in the figure.

From the function the resistance coefficient of the dampers can be found. Note that, the damper openings are
found later but the two parameters are correlated, and iterated until only small changes occur.

Kaoin1(0.0155) = 2600.1- 0.01552 — 841.9 - 0.0155 + 67.5 = 55.07
Kaoin2(0.016) = 2600.1 - 0.016% — 841.9-0.016 + 67.5 = 54.69
Kaoin3(0.0060) = 2600.1 - 0.006% — 841.9 - 0.006 + 67.5 = 62.54

K,; = 55.07, K,, = 54.69, K,3; = 62.54
The total resistance coefficient is:
KtOt = 1776

The minor losses are the ducts lengths and friction its material. The total length is:
LtOt = 375m

For stainless steel the surface roughness is given as:
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€
€=0.015-103m - D= 2.5-107°

The friction can be found from moody charts or from the following equation:

€ €
1 D 2.51 0.6 2.51
— = —2log| ==+ =2log| o> +———
Jr 5\ 37 Re\[f 5\ 37 141470,/

Solve this results in:
f =0.0164

To find he system curve, both the dynamic and static pressure are found. Assuming a height difference of
3.5m:

k m
Perasic = (By = Pogmy) - (hy — hy) - pin - g = (100050 — 100000)Pa - (3.5 — 0)m - 1.2m—g3- 9.82 5
—92.42 Pa
9)
L¢, Pin "\ 2\
(145 5
den = 2 R J pm
/ _g3 1. 004—2) \I 2
m3 | 02827 m
37,5my | | 1, 004—
(0.0164-2)- i 7 i +1776- (0 2827
\ ) ‘
= 12-9
2-9827; m

m 2
1982 Payn = 1348.7 - g,

The total pressure:

AP, = 92.42 + 1060.3 - g2,
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The system curve for different openings are depicted below.

System curve
7000 T

6000 -

5000 -

4000 -

P, [Pa]

3000 -

2000 -

1000} - - B R : R - P S - -

0 0.2 04 0.6 0.8 1 12 14 16 18 2

Gy [mls]

Figure 32 System curve.
To find the fan, the pressure for the required inflow rate has to be found. The pressure needed in order to
3
obtain 1.0048mT. The required differential pressure is 1161 Pa. from the specifications, the selected fan is

found. The fan is: KBR 355 D2 IE2 thermo-centrifugal fan with max. air flow of 2.09 st

25

C [ms]

Figure 33 a) Fan illustration, b) Fan curve. See Appendix 1 for further specifications.
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4.2.4 Fan curve
From the fan curve presented in section 3.2, three points are found to be:

POINT 1 POINT2 POINT3 POINT4 POINTS5
m3 0.34 0.68 1.24 1.27 1.6
s

qtot@so

AP, 050 [Pal] ‘ 2413 2200 1838 1537 989

Table 3 Values from original fan curve.
By using the Least squares method the coefficient of the polynomial can be found to be:

AP(quor) = —843.3 - g%, + 551.9 - Gyor + 2289.6

From the affinity laws the flow rate and differential pressure across the fan can be found for other
frequencies of the fan:

— g L2 - 2
q2 = q1 i dp, = dP, 7

The new values are given in the table below for different frequencies.

POINT 1 POINT 2 POINT 3 POINT 4 POINT 5

'm3] 0.3060 0.6120 1.1160 1.1430 1.4400
qtot@45 T
AP, 45 [Pa] 1954.5 1782 1488.8 1245 800.3
'm3] 0.3740 0.7480 1.3640 1.3970 1.7600
qtot@55 T
AP,ps5[Pal 2919.70 2662 2224 1859.8 11955
'm3] 0.4080 0.8160 1.4880 1.5240 1.9200
qtot@50 T
AP, 60 [Pal 3474.7 3168 2646.7 2213.3 1422.7

Table 4 Estimated values for other frequencies.

The different polynomials for all the frequencies are depicted together with the system curve in Figure 34.

System & Fan curves
4000 T T T T T T T T

System curve
— @45Hz
@50Hz i
— @55Hz
@60Hz

3600F

3000F

2500 T

P, [Pa]

2000 - - L o Ny / ! NG e

1600 ooy yan B B U N N
1000 o CONC N A

sof L N

o 02 04 06 08 1 12 14 16 18 2
q, [m%s]

Figure 34 Fan and system curves.
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The operating point can be found from the total flow rate that has to be achieved. From this, the fan curve,
which intersections with the system curve, at that exact that point is the acquired frequency. The frequency

required to obtain the 1.004 m; is47.5 Hz.

4.3 Damper openings

To calculate the valve openings for the given specifications the dimension of the duct diameter is needed.
The duct diameter is set to 0.6m as the resistance in the system with less diameter is too high for given fan
selections.

From the given information the area of the pipe, 4,, can be determined:
Ay =1 1% =1-0.30% = 0.2827 m?
The inflow opening area A, can now be found by solving the inflow rate g;,, to each zone.

The equation for the flow rate into the system is:

j;k(wmoo —100025)Pa

Pin _ Pz g
2 — A2
. (pin pz) . m? . 1.2473 m3
din,, = A “C Apin = 0.455—5 = p 0.61 - Apinz1
_ [Hz>¢in4?0,in g . .
\/1 <—PinA1 ) 1185255+ 061 - Aoin

1—
1.2085 9
m

Agins1 = 0.016 m?

%(101080 —100050)Pa
3 1.2473m—g3
Gin,, = 0.3981— = 0.61 - Agin 22
1.1815%- 0.61 Ay,
1 —
120599
m
AO,inzZ = 00155 m2
%(101050 —100025)Pa
md 12473°5
Gin,, = 0.1517 — = 0.61 Aoinza

1181559 . 0,61 Ay
1— m

1205924
m

Ag inzz = 0.0060 m?
This will be the minimum position for the damper in order to get the flow changes.

In order to find the opening area of the outlet the mass flow rate is needed. The flow masses of each zone are
found to be:

3

m kg
0.455T = 0.5499

S

kg

min,zl = Pinz1 " Qinz1 = 1.2085W.
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. kg m3 kg
Minz2 = Pinz2 " dinzz = 1.2059 5+ 03981~ = 0.4801~—

. kg m3 kg
Minzs = Pinza " dinzs = 1.2056 3+ 0.1517~— = 0.1829~—

Assuming that the zone is in equilibrium the mass balance can be used:
M = Moye

From solving the equation of the outlet mass flow with respect to the damper opening, the following can be
obtained:

kg
Moutz1 * Vi 0.5499T' 273 m3

AO,outzl = =

Pout
— . 5
my - |2 <Rair T, - ?Zl) 323.5727 kg - |2 <286.9ﬁ 29415 K — M)

VA kg
' 282.24 5ag’an
AO,outzl = 0.1134m2
0.4801]‘?9- 238.38 m3
A -
0,outz2
. 5
281.6525 kg - |2 286.9 29515 Kk — ——10 L
JK 282.24-K9__
“%7238.88
Ao,outzz = 0.0715m?
0.1829’%‘9 -91m?3
AO,outzS =
. 5
1085959 kg - |2| 286.9 -0y - 292.15 kK — — L 10°P2__
Kj-K 282.24 -9
“%238.88
AO,outz3 = 003877’77.2
4.4 Flow rates
4.4.1 Outflow rate
The outflow rate is calculated through the as shown in the following equations.
4.4.1.1 Zonel:
2 , 2 5
Toutzn = Aooucz1 (Pzoner = Pour) = 0.1134m? - | ————(100025 — 1 10%)Pa
pzonel

1.1852m—g3

m3
QOutzl = 04‘639 T
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4.4.1.2 Zone2:
2
Goutzz = 0.0715m? - |———— (100025 — 1 - 105)Pa
118154
m
m3
Qzone#20ut = 0-4‘063T
4.4.1.3 Zone3:
2
Qoutzs = 0.0387m? - |———— (100025 — 1-105)Pa
1.1812m—g3

m3
Qoutzz = 0.1533 T

4.45 Inflow Heat
To calculate the inflow of heat transfer the specific air capacity is needed. It is for air c,;, = 1.012 ﬁ. The

output flow heat is:

4.45.1 Zonel:
Qinzt = Cair " Minz1 " Tn — Troner = 1.012L- 0.5499k—g- (292.15 — 294.15)
m,z alr n,z mn zone Kg . K s
Qin = —1.3056£
S
4.45.2 Zone2:
Qingz = 1.012L- 0.4801k—g- (292.15 — 295.15)
mnz Kg-K s
Qi = —1.88751
S
4.4.5.3 Zones:
Qings = 1.012L- 0.1829k—g- (292.15 — 292.15)
.z Kg-K s
- J
Qin = OE
4.4.6 Outflow heat
The outlet is determined to be:
4.4.6.1 Zonel:
Qoutz1 = 1.012L- 0.5499k—g- (294.15 — 290.15)
out.z Kg-K s
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. J
Qoutz1 = 2.3450;
4.4.6.2 Zone2:
Qout 5 = 1.012L- 0.4801k—g- (295.15 — 290.15)
o Kg-K S
. J
Qout,z2 = 2-5724‘5
4.4.6.3 Zone3:

' ] kg
Qout.zz = 1.012Kg—_K- 0.1829— (292.15 — 290.15)

J

Qoutzz = 0.39125

4.4.7 Wall losses

The wall losses are divided into two parts; to the outside and to the other zones. The ones to the outside is
remains at constant values. The wall temperature to the outside is assumed to have the average between the
temperature of the zone and the temperature outside.

_ T; + Tarm
wall = T

This is only assumed as the losses is constant, else the dynamic of the wall temperature could be modelled.

4.4.7.1 Zonel.:
The area of the walls interacting with the outside is:

Awaiiz1 = (2:65-12+42-12-3.5+ 6.5-3.5)m? = 262.75 m?
The Uyqq; 15 0.5 % The heat loss through the wall in zone 1 is:

J

Qwatizt = Uwau * Awatiz1 * Twatiz1 — Trone1) = —827.7 5
The area of the walls, which interacts with the different zones are:
Awiz = Aw21 = Awzz = Awz2
Ayip = 6.5-3.6 = 23.4 m?
The heat loss to zone 2

J

Qwallzl = Uwau " Awaniz - (Twalllz - Tzonel) = 5-85E

The initial values of T,,4;;12 is found as the average of the two zone temperatures.

4.4.7.2 Zonez2:
The heat loss through the walls and the wall area are:

Apauzz = (2:6.5-10.5+ 210+ 3.6)m? = 206.5 m?

: J
Qwalizz = —702.1 ;
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The heat loss to zone 1 and zone 3:

Owalizz1 = 0.5 23.4 - (294.65 — 295.15) = —5.85£

Owaizz = 0.5+ 23.4 - (293.65 — 295.15) = —17.55%

4.4.7.3 Zonea:
The heat loss through the walls and the wall area are:

Apaizs = (2-65-442-4-3.6 +6.5-3.6)m? = 106.75 m?

- J
Qwalizz = —282.89 E

The heat loss to zone 2:

J

Quauzz = 05234+ (293.65 — 292.15) = 1755

From the wall losses between the zones, it is possible to see that if the value is negative means that heat
leaves and vice versa. The amount lost in zone 2 to zone 1 is —5.85 é and the heat achieved in zone 1 by zone

21s 5.82§. Only the sign changes.

4.4.8 Radiators heat transfer

The constant radiator is assumed to provide a constant J/s, which accounts for the wall loses to the outside:
_Qwall = Qrad,c

Note that a variable radiator is needed to account for the individual heating and will account for the heat
losses through the walls between the zones.

4.4.8.1 Zonel:
The Constant radiator has to provide:

J
Qrad,cz1 = 827.7 S

The Variable radiator has to provide:

_(Qin,zl - Qout,zl + Qwallzl + Qwalllz + Qrad,czl) = Qrad,vzl
J

—(—1.3056 — 2345 — 827.7 + 5.85 + 827.7)£ = 2.1994;
The heat the variable radiator has to provide is not much, it could be more beneficial if the constant radiator

were less providing less heat and the variable was providing more.

Assuming A = 10m?, if the area should be less due to zone dimensions, the required temperature will
increase. The control variable is chosen to be the surface temperature, therefore the other parameters for the
radiator has to be found. As most parameters depend on the surface temperature, these parameters is found
from T,.,4 = 295.15 and the control variable is the one which is directly related to Q,44,. This might result
in a small error, but in the control part, this value is not used. The parameters of the radiator are:
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m? m?
Hp=1m, T,qq =29515K, wv=15- 10_5?’ a=22142- 10—5T
The Rayleigh no. is found from:
1
— — -1
P = (295.15 K +294.15 K) = 0.0034 K

m -
. g - beta,qq - (Hr3h) (Trqq — Tp1) 9.825—2' 0.0034 K~1-13m3- (295.15 K —294.15K)
az1 = =

. 2 2
Vk-a 1.5647-10-5%-2.2142-10-5 mT
=1.9187-108

Resulting in:

¢ = 0.59, n=
The Nusselt no. is:

1
Nu,, = c-Ra} = 0.59-(1.9187 - 108)7 = 68.4391
And

ar _ ¢8.4391 —0'0261mw'/’< 1.8124
Hy 1m - m2-K

=

Ezl = Nuy; -

Substituting in and solving for Ty44,1:

Qrad = Ezl "A- (Tradzl - Tzonel)

—2.1994£ = 1.8124

w 2
—c " 10m* * (Tyagz — 29415 K)

Solving this equation results in the required surface temperature of the radiator:

Tyoam = 294.3 K

4.4.8.2 Zone2:
The Constant radiator is:

J
Qrad,czz =702.1 g

The Variable radiator is:
]

Qradvs = —(—1.8875 — 2,572 — 702.1 — 23.4 + 702.1)£ = 278595

The same procedure as in zone 1 is applied to find the different parameters. The list of the parameters are:

w
Ra, =9.5773:10°,  Nug =583664,  hy; = 15234 ——,  Tyaa; = 296.9375K

4.4.8.3 Zone3:
The Constant radiator is:

]
Qrad,czs = 282.89 E
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The Variable radiator is:

Qragvzs = —(0 — 0.3912 — 282.89 + 17.55 + 282.89)é = —17.1588£

As this results in taking heat out of the zone, the constant radiator is dimensioned for less J/s. This could be
avoided by dividing the radiators contribution more even.

Subtracting 27 J/s resulting in:

J
Qrad,czS = 255.89 E

J
Qrad,vz3 = 9-84‘ZE

The same procedure as in zone 1 is applied to find the different parameters. The list of the parameters are:

w
Ragg = 3.8505-10%  Nugy =82.6476,  hy3 =21571 ——,  Traus = 2924106 K
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4.5 AHU specifications

4.5.1 Temperature
The temperature in the mixing box is set to 15 °C:

Tonix = 288.15 °K

The temperature of the cooling coil is set to the mixing temperature as the return air is needed only to be
heated:

Tee = Thix
The inlet temperature is set to 19 °C:
The = Tin = 292.15 K

4.5.2 Humidity

The desired set point values for the three zones are given in the table shown below.
SPECIFICATION ZONE 1 ZONE 2 ZONE 3
TEMPERATURE ‘ T,y =21°C T, =22°C T,3=19°C
R/S HUMIDITY \ Wy =0.0074 ¢, =45% w,s = 0.0074

PRESSURE ‘ 25 Pa 50 Pa 25 Pa
Table 5 Specifications for the different zones.

4.5.2.1 Zone 2:
From the specified properties in the saturated pressure of the water vapor and the specific humidity can be
found:

_ Tz 22°C
Posro = 610.78 - eT 2383728 _ 610 78 ¢72°C+2383 1725 = 26289 Pa
Pys - &, 2628.9 Pa-0.45 kg water vapor
=0.622 - —— = 0.622"- = 0.0074
Dzz P, — Pys- ¢, 100050 Pa — 2628.9 Pa - 0.45 kg dryair

4.5.2.2 Zone 1:

Since the pressure and temperature is more specific demands than specific humidity, which needs to be
within a range of 35-60%, the same demand for specific humidity in the rooms are required, since deferent
demands will result in a change in inflow rate, which influences the pressure and temperature in the zones.

_ Tz 21°C
Pyss1 = 610.78 - eTz1+2383 17297 — 610 78 . o71C 2383 17269 = 2473.4 Pa
_ w,1* Py 100 05 = 0:0074- 100025 Pa 1009 = 47.6 %
P11 = 0622+ w,y) Pys 1 ® 7 (0.622 + 0.0074) - 24734 Pa TR
45.2.3 Zone 3:
L'17.2694 L.17 2694
Pysz = 610.78 - eTz3*+2383 = 610.78 - ¢19°C+2383 =" = 2186.3 Pa
~ W,z Py 10005 = 0:0074-100025 Pa 1009 = 53.89
23 = (0.622 + w;3) " Pys 13 ° 7 (0.622 + 0.0074) - 2186.3 Pa 0T OeE

It is possible to see that the relative humidity do not exceed the 60%, which is the limit.
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4.5.3 Outlet Specification
The outlet air properties of the zones is assumed to be less than in the zone itself. The assumed properties
are given as:

P, =1-10%Paq, T, = 17°C, Gour = 0.45

From these values the saturation pressure and specific humidity can be found to be:

o

7°C
Pysour = 610.78 - eT7°C+2383 7 2%%* = 19288 Pa
0.622 - 19288 Pa - 0.45 — 0.004833 kg water vapor
Wout = 100000 Pa — 19288 Pa - 045 kg dryair

4.5.4 Mixing box
For the mixing box, both the outside air properties and the return air has to be determine. Data provided for
the relative humidity the offshore site ‘Horns Rev’ is depicted in the figure below.

Relative humidity % Jan 01 2014 - Dec 31 2014
weatheronl ine.co.uk
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Figure 35 The RH at Horns Rev, Denmark. (Weatheronline)

From the figure above, the relative humidity can be assumed to be 84 %. The offshore average temperature
for 2014 could be found to be 8.4°C. The air properties for the outside air are:

batm = 84%, Tarm = 8.4°C, Patm = Pmix =1+ 105Pa

From this:

8.4°C
Pws,atm =610.78 - 38-40(:"'238-3.17'2694 = 1099.7 Pa

0622 1099.7 Pa - 0.84 — 0.0058 kg water vapor
@atm = - 100000 Pa — 1099.7 Pa-0.84 kg dryair

From the heat transfer section, the mass flow rate from outside was determined based on a mixing
temperature of approximating 15°C. Finding the saturation vapor pressure for this temperature results in:

Pws,mix = 174‘43871 Pa

The humidity of the return air is assumed to be the same as the outlet of the zones as it almost does not
change when some air is exhausted.
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The equation for the humidity of the mixture was found to be:
O =mout'ﬁ'wr+matm'(‘)atm
e mout ' ﬁ + matm
kg water vapor
kg dryair

0.448’%9- 0.5+ O.OSOSkTg

kg water vapor
kg dryair

0.448’%9 -0.5-0.0048 + O.OSOSkTg -0.0058

kg water vapor

ix = 0.0058
Dmix kg dryair

Prix * Omix
= -100% = 63.86%
¢mlx (0622 + wmix)Pws,mix ° ’

4.5.5 Cooling coll
The cooling coil is only used for dehumidification if it is needed or if the inlet temperature has to be cooled
below the dew point. The relative humidity of the air leaving the cooling coil will be at 100% else no
dehumidification will occur. In this case, no dehumidification is needed and all the variables correspond to
the mixing variable.

e = Pmixs Tec = 15°C, Pe=1" 10°Pa, Wee = Wmix
The amount of liquid condensing is given by:

. . kg
Myccout = (wmix - wcc) *Mpix = OT

If dehumidification is needed, the temperature is set to the dew point temperature for the required specific
humidity.

4.5.6 Humidifier
For the humidifier, the specific humidity needed for the inlet is calculated based in a steady state condition
for the zone humidity model

kg water vapor kg water vapor
Win = 2 Wz setpoint — Wour = 2+ 0.0083 kg dryair —0.004833 kg dryair

kg water vapor

in = 0.0101
Wi = 0.010 kg dryair

Given the required temperature for the inlet air and the pressure, the following can be found for a mixing
temperature of 15°C, since no cooling in this case are needed.

Ti;n =19°C, P, =1-10°Pa,  P,g;n = 2186.3 Pa

; ; kg
Myin = (Wmix — Wee) * Mmix = 0.0017?
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5. State space model

For designing a MPC-controller, the state space model has to be found. The linear system is found from
steady state condition where the dynamic of the non-linear functions will be zero. The linear point, also
known as the operating point, can be given as (Franklin, Powell, & Emami-Naeini, 2010):

f(xo,0) = 0 Eq 5.1

Where f is the notation of the non-linear equation, x, and u, is the state and input value in the steady state
condition.

The non-linear model can be approximated a linear model by using the Taylor expansion, which can be used
to express the non-linear equation in form of the state space model. The linear approximation is only valid in
a region close to the steady state point.

An n-order non-linear model can be given as a set of states and input equations for m-inputs and p-outputs
(Pedersen, 2015):

Xy = f1(xq, X0 X, U, Uy o Upy)

Eq 5.2
Xn
The output function y for the non-linear model is expressed as:
y1 = hy(xq, X2 X, Uy, Up o Upy)
Eq 5.3
Yp
The state space model can be represented by:
x=Ax+B-u
Eq 5.4
y=C-x+D-u
Where,
e Aisthe system matrix
e B isthe input matrix
e ( is the output matrix
e D is the feedforward matrix.
The matrices can be defined at the operating point (x,, u,) as:
é )
A= [_f] B= [_f
Ol u, Sl u,
Eq5.5
Sh Sh
<[5, o=l
(' P Sl u,
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The matrices will be found by use of the Jacobean matrix:

[0fi . A
[ 5, 8xn|
_[S}m " 8}mJ
.

The same operation is required for the output function h.

5.1 Single zone linear model
The non-linear equations for the temperature are:
ATmix  Mout * B Cp- (Tout - Tmix) + My - Cp- (Tos - Tmix)

fi= =

dt ma,mix

f _ chc _ Mpix " Cp * (Tmix - ch) — My, ccmax * Opening.. - Cow’ (Tin,cc - Tout,cc)
S = =

dt Mg cc

dThc My * Cp-” (ch - Thc) - mw,thax - Openingy, Cow’ (Tin,hc - Taut,hc)
= = m
a,hc
ﬂ _ Qin + Qout + Qrad + Qwall

dt my ¢ my - cp

fa =

The non-linear equations for the humidity are:

_ dwmix Moyt * B (Wour — Omix) + Mos(Wos — Omix)

fs = =
dt ma,mix
f _ dwcc _ Mg mix * (wmix - wcc) - 7'hw,out
. = =
dt Mg cc
f _ dwin _ ma,mix ' (wcc - win) + My in
y = =
dt ma'h
fo = dw, _ My * (Wi — 0;) = Moy * (W; — Woyr)
8 dt m,
The mass of the zone is given by:
dm,
f9 - dt
2 (Ppipe — Prone) (M. Pat
= Pairp " Cain " Aoin s e — <Vzone) “Aoout |27 R Trone — ma =
Ppipe zone (ﬂ)
‘/ZOTLE

The states for these non-linear equations are:
Temperature: Ty,ix, Tin, Tee, T,
Mass: m,

Humidity: i, Win, Ocer 0,

Eq 5.6

Eq5.7

Eqg 5.8

Eq 5.9

Eq 5.10

Eqg5.11

Eq5.12

Eq 5.13

Eq5.14

Eq 5.15
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The outputs are:

mZ
hy =T, hy, = w,, h;=P,=—"R"-
v,
Defining the states, input and output in vector form:
mZ
AO,in Tr}lix
p; T.Z
My in M
u=| " x=|Tec |, y=
w,.out Wpix
Openingp, w,
| Opening W
| win
The state space model for the single zone though linearization becomes:
Ay, A, O 0 0 0 0 0
Ay Ay 0 0 Ay O 0 O
Ay Az, A3z 0 0 0 0 0
0 0 A4g3 Age O O 0 O
A=]0 0 0 Agy Agss 0 O 0
Ag1 Agy O 0 Ags 0 O 0
Ay Ay 0O 0 0 0 Ay O
0 0 0 0 0 0 0 Ag
| 0 0 0 0 0 0 0 Agg
By B, 0 0 0 07
B,y B, 0 0 0 0
0 0 0 0 0 0
0 0 By O 0 0
B=|0 0 0 Bs, O 0
Bsy Bz 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 Bg
0 0 0 0 By 0]
0O 0 1 0 0 O0 O0OTPO
c=(0 0 O O 0 O 1 0O
C3; 0 C33 0 0 0 0 0 O
D=0

The elements for the multi-zone is given in Appendix, not the single-zone.

X~
o
o

S O O oo

&g o
© ©

Eqg 5.16
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5.1.1 Simulation and validation of single zone linear model
The Simulink model for the single zone model is depicted below. To see zone model see Appendix 10.

A_Binz1 N A 0n T
A_Oint Rate limiter Inz Pzl
o Tin m_out z1f— Outpts
4 Fin 4
Dzt TN win wat
v

Fan & System curves Zane
Operating point

Frequecy, w Rate Imiter

- - Too e

m_wout Cooling Coil Heating Col

Subsacted moitue

GCoaling Contral

OpeningHC

Hest Cortrol

add maisture

Figure 36 The single zone and the AHU and return air.

The responses of the linear model are validated against the non-linear model. The pressure, temperature and
specific humidity in the zone are illustrated in the Figure 37. The non-linear model is depicted with the blue
graph and the red graphs depicts the linear model.

Linear model validation x10° Linear model validation x10°
221 1.0005 8.36
2o 1.0005
22,06 .
1.0005 '?u
204 5
— v 2
2 £ 1.0005 3
- 22.02 o™ 2
E
2
22 1.0005 N
21.98
1.0005
21.96
; ‘ , ‘ 1.0004 8.27
0 500 1000 ) 1500 2000 2500 0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time [s] Time [s] Time [s]

Figure 37 a) Temperature, b) Pressure, c) Specific humidity.

From the figure, it is possible to see that the two models have the same transient response and settles
approximately in the same steady state value. The difference between the two models is a very small offset.

To see if the linear model follows the same dynamic for different inputs changes, a step-input in the opening
area of the inlet damper is illustrated in Figure 38.The opening area is changed from 0.175m? to 0.22 m?2.
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Linear model validation x 10° Linear model validation x10°
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Figure 38 The temperature and mass of air in the zone.

From the figures, it is possible to see that for the input change, the two models have almost the same
dynamic and steady state values. The change in the zone temperature has a difference of 0.4°C, which can be
acceptable since the responses are very similar.

Regarding the linear humidity response, the change in value for the step input if compared to the non-linear

humidity response has a difference of 0.4 - 1073 %. This is a relative large difference. The transient

response is the same as the non-linear; the decrease in humidity is just so small it is almost undetectable. The
cause of this could be due to that the humidity is highly non-linear and the dynamics is hard to capture when
linearizing.

One reason could be the changing return mass flow rate which will cause the specific humidity in the mixing
box to change. Without any controller the setpoint cannot be reached and the specific humidity decreases.
This is only if the specific humidity in the mixing box decreases as a result of this. This change might be lost
when linearizing the model.

65



Multi zone HVAC system

5.2 Multi zone linear model

Expanding to multiple zones there will be states relating each zones, as there is heat transfer between the

zones.
Adding dynamic of the walls, which will correlate the three zones.

dTw12 _ Uiz " A1z (Tzl - Tw12) — Uz Az (Twlz - Tzz)

fie =

dt Cpwalll " Mwali1
fir = dTy2s3 _ Uzz - Az (Tyz — Twas) — Uz - Agz - (Tyaz — Tz3)
17 = =
dt Cpwall2 * Mwail2

In addition, the three zone equations are:

— del — Qin,zl + Qout,zl + Qrad,c + 5- Qwall,zl + lez +Qrad,v

f7 dt Cp My

f — deZ — Qin,zz + Qout,zz + Qrad,c +4- Qwall + Qw21 + Qw32+ Qrad,v
10 dt Cp My

fiz = dT,3 _ Qinzz + Qout.zz + Qraac + 5 Qwan + Qw23+ Qraaw
13 dt Cp *My3

Eq5.17

Eq5.18

Eq 5.19

Eqg 5.20

Eq 5.21

One thing to pay attention to is that as only one of the coils can be activated at the time. Therefore there are
two state space models, on for a heating and Humidification case, also referred to as winter-case and a
cooling and dehumidification case, also referred to as Summer-case. Additionally, the fan will be controlled
separately from the MPC, therefore the inlet pressures are excluded in the multi-zone model.

For the multi-zone model, the state, inputs and outputs are:

_Tmix_
ch
T;
Wmix _Tzl_
Z))CC (Uzl [ Ain,21 ] [
in
Tz P, Zq Ain,zz
1
m, Tzz Ain,z3
1w ! _ | Wz, _ | Openingyc _
X = 21|, y= P |’ Uwinter = M ’ Usummer =
TZ2 Zp w,in
mzz TZ3 Trad,vzl
CUZZ wZ3 Trad,vzz
Tz3 PZ3 L Trad,sz R
mZ3 —Tin—
(,()Z3
TW12
-TW23—

Next, the state space matrices for the winter case are given.

L Trad,vz3 E

A in,zq

A in,z,

A in,z3
Myycc,out
. U

Openingcc
Trad,vzl
Trad,vzz
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The elements for the following matrices can be found in the Appendix 11.

A1z Ar1a

0

Al,l() A1,11
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0
Az

[A11

Az

A3,3

A3,2

0

A4—,13

A4,11
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Ao
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A11,17
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0

0
A1313
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A1414
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Aq7,17]

0
0

A16,11

0

A17,14-

A17,11

[ee)
o coocoocoocoocoocooo Yo
[Sa)
N
o o o000 o Joo oo
[Sa)
o
o 000&00000000
wn
o 00%000000000
<
o =NeNeNoNeNoR-NelNeNeNe)
e S
o oo ocoococooco Yo =
q q
N NN
o coococo g O %o oo
[Salsa Rl

11:1
o OO0 N 9 00 00000

[Sapsagpsal

Il

M

0
0

0 0 0 0 0 O

0
0

00 0 0 0O

0

0

C3,8

0 0 00 0 0 Cs7

0 0 00 0O

0
0
0
0
0
0
0

0

00 0 0 0O

0

0

C6,11

0

0 0 00 0O

0 C6,10

0
0
0 0 O

00 0 0 0O

00 0 0 0 O

C9,14

0

0 0 00 0O

0 C9,13

0

0 01 0 0 O

67



Multi zone HVAC system

5.2.1 Simulation and validation of multiple zone linear model

The non-linear model is illustrated in Figure 39. All the inputs are depicted to the left in the figure. The AHU
with heating, cooling, dehumidification and humidification, is depicted in the left bottom half of the figure.
Where in the right bottom half of the figure, the relative humidity for both the zones and the AHU are found.
At last, the zone models are in the center of the overall model.
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Figure 39 The non-linear model for the multi-zone.
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5.2.1.1 Comparison of Linear and Non-linear model
The linear and Non-linear model is validated opposite to each other for different input changes:

e Step input in the dampers opening for zone 2 Ayj,,5: 0.0158 m? — 0.1 m?
e Step input in the frequency is applied. The change if from 47.5Hz to 57.5Hz.

A change in the damper of zone 2 is illustrated in Figure 40, Figure 41 and Figure 42.

Linear vs. Non-Linear model x10° x10®
21.35 T T 1.0003 78
. : | Linear !
213 10003 - - A 760 . Non-Linear | |
21.28 1.0002 - -
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2105) -
1.0002}--
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Figure 40 a) Temperature, b) Pressure, c) Specific humidity of zone 1.
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Figure 41 a) Temperature, b) Pressure, c) Specific humidity of zone 2.
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Linear vs. Non-Linear model x10° x10°
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Figure 42 a) Temperature, b) Pressure, c) Specific humidity of zone 3.

From the figures, it is possible to conclude that the temperature and pressure of all the zones are valid. The
setpoints of both the linear and non-linear model are the approximately the same, only with small deviations.
When applying the change in damper opening, the temperatures and pressures transient response time and
magnitude change are the same.

Looking at the specific humidity, there still exist a relative large difference when a change in input occurs.

. . . k ist
For this case, the difference is 0.8—2—-"_
kg dry air

A change in frequency is shown in Figure 43, Figure 44 and Figure 45.
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Figure 43 a) Temperature, b) Pressure, c) Specific humidity of zone 1.
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Figure 44 a) Temperature, b) Pressure, c) Specific humidity of zone 2.
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Figure 45 a) Temperature, b) Pressure, c) Specific humidity of zone 3.

1000 1500 2000

Time [s]

From the figures, it is possible to see that the temperatures and pressures of the non-linear and linear models
again are very similar. The change in linear pressure is slightly higher than the non-linear, but the difference

is in the magnitude of few Pascal.

This time the specific humidity deviates less. This is due to that the specific humidity is strongly depend on
the mass flow rate in and out of the zones. Increasing the speed of the fan do not in this case result in a large
change in the inlet mass flow rate, whereas in the other case the damper was opened and more air was let in.
The reason why decreases instead of increasing, when the damper opens, is because no controller is

implemented and the mixing conditions are changing due to the variation of the return air.
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5.3 Discrete time state space model

The discrete time state space model is used for designing the MPC. The discrete State space model is
represented by (Advanced Motion Control, Difference equations, 2014):

Eq 5.22
y(k) = Cq-x(k) + Dg - u(k)
Where
Ag=e T =14+A-T+ Sy =l TAT P
A-T A?-T?
t
Bd=fe“-B dt=¥-T-B Eq5.25
0
And,

Cp and D, are equivalent to the continues time C and D matrices.
T is the sapling time
A is the eigenvalue/s

By choosing a too small sampling time, when converting from the continuous time model to the discrete time
can result in instability and the solution of the discrete time model will diverge. For this project, the sampling
time is chosen to be 0.01s. This is to make the continuous time non-linear model work together with the
discrete signals from the MPC.
The result of for the discrete state space model for zone 1 is depicted in Figure 46. This is for a change in
damper opening into zone 2. The change is the same as before; 0.0158 m? — 0.1 m?2.
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Figure 46 a) Temperature b) Pressure, c) Specific humidity of zone 1.

These responses correspond exactly to the continuous time responses. To see the responses of the other zones
see Appendix 7.
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6. Control design — Pl
In this chapter the Pl-controllers for the individual actuators are developed. In general, industrial HVAC
units consists of a lot actuators that needs to be controlled. Specifically for this project, the following
controllers/actuators are considered:

Inlet Dampers

Variable speed fan
Variable electrical heaters
Cooling and heating coils

The controllers and the feedback from sensors are illustrated in the 2D sketch below.

T NG sl | |

T4
=

Figure 47 Controllers on the architecture design of the platform.
The following actuators are not controlled but are considered constant:

e Outlet dampers
e Economizer (i.e. inlet damper), exhaust- and return dampers

In the modeling chapter, the mixing temperature was fixed at 15°C. In this part, it will remain at the same
value, but as a part of the design phase, the controllers’ performance for different mixing temperature and
specific humidity will be investigated.

The PID controller is given by following equation (Franklin, Powell, & Emami-Naeini, 2010):

de(t)
dt

CPID=kp'e(t)+k1'fe(t)+kD' Eq6.1

Where,

o ¢e(t) isthe error between the setpoint and the actual output value.
e K, K; and K, is the control gains.
e (Cp;p denotes the controller.
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6.1 Sequence of Heating and Cooling Coil

The purpose of the cooling and heating coils are to control the indoor humidity and indoor supply
temperature. In order to control these variables feedback from sensors placed in the ducts and in the zones is
needed. More in detail, the indoor supply temperature for each zone is been measured by a thermostat in the
inlet duct. Moreover, the humidity is measured either in the zones or in the return duct, in this project is
measured in the zone. The sensors used to measure the humidity is either a thermostat with a humidity sensor
or a hydrometer. The specific humidity is beneficial to be measured at the outlet duct due to it can differ
from zone to zone.

6.1.1 Temperature Control

In the VAV-HVAC system, the temperature of the supply air is held constant. On the other hand, the
temperature and pressure of the zones is controlled by changing the volume of supplied air. The set point of
the supply temperature will be fixed in winter and in summer. Moreover, when dehumidification is needed it
will be set to the temperature necessary to dehumidify the air to the required supply specific humidity.

The temperature in both heating and cooling coil is regulated by the opening area of a valve, in the meaning
of changing the water mass flow rate in the coils. An important restriction is that only one coil can be
controlled at the time. In result of the previews stated only one coil can be controlled at the time, in the
meaning of only one coil is active. The coil needed is activated by feedback of the supply temperature which
is compared to the setpoint temperature. That means that in the case the temperature goes above the setpoint
cooling is needed, otherwise the temperature is below the setpoint heating is needed. This idea is illustrated
in the Figure 48.

Open —
Heating
Coil
Valve )

- Cooling
Position Coil
CLOSED ¥ I

Setpoint
Tir'l —_—

Figure 48 The control sequence of the cooling and heating coils. (Montgomery & McDowall, 2009)

Figure 48 illustrates the sequencing of the valve openings, which depend on the feedback of the supply
temperature.

As one can predict, as the temperature vary around the setpoint the control will toggle between the heating-
and cooling coil. To avoid this, ASHARE recommend a dead band around the setpoint of 3 degrees
(Montgomery & McDowall, 2009).

In addition, to control the supply air by the two coils the economizer damper can be regulate to take in more
or less air depending on the outside air in order to reduce energy consumption by cooling or heating less.

6.2 Humidity Control
The specific humidity is controlled by a Pl-controller by feeding back the humidity measured in the zones,
and compare it to the set point. The specific humidity is controlled by either adding moist from the
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humidifier or removing moist in the cooling coil, therefore, two controllers are needed. One is depend on the
temperature in the cooling coil, whereas the other one is independent of the heating coil, as the specific
humidity is considered not to be affected by heating, only the relative humidity.

6.3 Control design
The heating and humidification control block diagram is depicted in Figure 49. The control gain values are
given in Table 7.

=
-] I

" m_win ‘ h w_in
Setpaint, FControl =
Specific humidity. Ermor Humidifier
]
kgain Integrator

—P‘ o w_in J
| P-gain m_wdkotin ‘\ T_in 1 T_in f‘c:: =
Setpoirt, ~ FI-Coontrol. e Zone

Temper sture Emor Heating Coil
%
I-gain. Integrator1

Figure 49 The block diagram of Heating and humidification.

From figure it is clear that the two controllers operate independent. The humidifier is controlled by feedback
of specific humidity measurement and it controls by adding more water vapor mass m,,, ;,,. The temperature
is controlled by changing the percentage opening of the valve and thereby causing changes in mass flow in
the heating coil.

The Cooling and dehumidification control block diagram is depicted in Figure 50.

B a—
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Setpoint, FControl
Specific humidity. Emor
:
gain | ntegrator
—{F_p o m_wout w_in ] w_in J

h h
T P-gain. LD + f‘c" f‘m el
-= L " m_wdotin T_in #{ T_in

Setpoint, Fl-Control1 - -
Temperstue Emor Cooling Cail Zone

|

|-gain. Integratort

Figure 50 The block diagram of Cooling and dehumidification.

Figure 50 shows that the controller works and which measurements are fed back. The difference from the
other block diagram is that the two controllers are depend on each other. They both control the cooling coil
and are related by the temperature needs to be at a given set point in order to dehumidify to a given specific
humidity. As the relative humidity of the air leaving the coil is 100 % in order to achieve dehumidification,
the set point for the supply temperature can be found from the specific humidity set point.
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In Simulink, the controllers are all connected to a Mat-file where the different coils and humidifier is
activated based on the states of the mixing box. In order to maintain the safety in the HVAC system, the coils
are only active when the fan is turned on, otherwise the system could experience damages such as
overheating. This can be seen in the a section from the Mat-file below, LL denotes lower limit and HL is
higher limit, Freq denotes the frequency of the fan, and thereby makes sure that the fan is operating before
any if-statements are fulfilled. The lower and higher limits are the dead band of the coils, introduced
previously.

if Freq ~= 0 && T mix > T HL && w _mix > w_HL; % Cooling and dehumidification

OpeningHeating=0; % Disable Heating Coil (0% open)
EnableHumidifier=0;
EnableDehumidifier=1;

else if Freq ~= 0 && T mix < T LL && w_mix < w_LL; % Heat and humidify

OpeningCooling=0;
EnableHumidifier=1;
EnableDehumidifier=0;

else if Freq ==0 || T LL < T mix && T mix < T HL && w LL < w_mix && w_mix < w_HL;

% Close all

OpeningCooling=0;

OpeningHeating=0; % Disable both Coils
EnableHumidifier=0; % Disable both dehum/humidifier
EnableDehumidifier=0;

end
end
end

Table 6 Describes the if-statements, which activates the different controllers. See the entire code in Appendix 8.

In the script, there are three cases; Case 1. When cooling and dehumidification is needed. Here the mixing
condition is above the higher limit, which means it is higher than the supply specifications. Case 2. Is the
opposite, here the heater and humidifier is enabled. Case 3. Is when the mixing conditions are between the
lower and higher limit. In this case, everything is turned off. An example could be that the cooling coil is not
needed, the OpeningCooling is set to zero and vice versa. The same is valid for the humidification- and
dehumidification process. If the process is not needed, either EnableHumidifier or EnableDehumidifier is set
to zero. However, it follows that the humidifier cannot be enabled when the cooling coil is on.

The Pl-controllers are all manually tuned aiming the system to experience less oscillations and a reasonable
settling time. A too fast settling time will not be realistic for this system. As the HVAC system is highly non-
linear and the PI-controllers are linear, their performance will differ depending on operating conditions. It is
recommended that the controller for the temperature is over damped; this increases settling time and reduces
performance, but the overshoot is eliminated.

The responses for the tuned Pl-controllers of the specific humidity and supply temperature are illustrated for
both a winter and summer case to the controllers’ performance.
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6.3.1 Winter Case:
The responses for controllers of the heating coil and humidifier are depicted in the below figure.
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Figure 51 The responses for temperature and specific humidity for heating and humidification

6.3.2 Summer Case:
The responses for controllers of the Cooling coil and dehumidification are depicted in the below figure.

Temperature Specific humidity
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Figure 52 The responses for temperature and specific humidity for cooling and dehumidification.

The settling time can be seen from the above figures. The final control gain values and settling time are:

Unit K, K; T, Overshoot
Humidifier 30 0.1 80s 0%
Dehumidifier 25 0.065 80s 0%
Heating Coil 0.01 0.005 60s 0%
Cooling Coil 0.01 0.005 60s 0%

Table 7 Final control gain values and settling time for each unit.

Note that: As the operating condition changes so do the settling time, as further away the humidity come
from the setpoint the longer time it takes to settle. This can be seen in the next section.
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6.3.4 Changing mixing conditions - Winter Case
For the winter case three other setpoints are considered:

Tomix = [283.15,287.15,290.15]K

Wmiy = [0.0037,0.00505,0.0058]

kg moist
kg dry air

The supply temperature, mixing temperature and Valve position of the cooling coil is depicted in Figure 53.
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Figure 53 Inlet temperature and Valve opening.

From the figure above it is possible to see that the set point of 292.15 K (19°C) is maintained when the
different step inputs are applied.

o [kg moist/ kg dry air]
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Figure 54 The inlet and mixing specific humidity and added moist.

The humidity is maintained and it is seen that the added moisture to the air decreases with decreasing the
difference between the setpoint and the mixing specific humidity.
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6.3.3 Changing mixing conditions - Summer Case
If both mixing temperature and humidity are high then cooling and dehumidification is needed. A case of

different mixing temperatures and specific humidity are applied to the model to see how the Pl-controller
works.

The applied steps are:
Tmix = [295.15,300.15,303.15]K

kg moist
Wmix = [0.0105,0.0125,0.0168] W

The supply temperature, mixing temperature and Valve position of the cooling coil is depicted Figure 55.
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Figure 55 The Pl-control of the temperature for different mixing temperatures.

From the figure above is possible to see that the set point of the temperature is maintained (red line)
disregarding the increasing mixing temperature (blue line). This is done by opening the valve position more
and more (see figure 7-graph to the right). The different set point is smoothly achieved without any
overshoot.

Figure 56 illustrates the supply and mixing specific humidity, as well as the removed moist.
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Figure 56The Pl-control of the temperature for different mixing specific humidity.
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As for the temperature, the humidity is maintained at the set point at all time, except at the transition period.

6.3.4 Zone specific humidity control

In order to observe what happens in the zones specific humidity, a change in the damper opening is applied.
Pressure changes lead to an expected change in other zones specific humidity due to the reduction of the
mass flow rate in the inlet duct, which is natural because the controller for the fan is not yet implemented.
The opening is applied for the first zone and the responses are depicted in the figure below.

x 10 Specific humidity in zones x 1072 x 107
. - 7.8 T T 7.6
£ g g
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264 L4 D 2
With Gontroller
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5.6 - - 56 - - 56 - -
0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000
Time [s] Time [s] Time [s]

Figure 57 The specific humidity in all the zones with and without humidity control.

Form the above figure, it can be seen that the controller makes sure that the specific humidity only decreases

by 0.2:1073 % wheras for the uncontrolled model the specific humodot deacreases with 1.7
103 kg moist

kg dry air’

The influence of inlet temperature on the zone temperatures are investigated in the next section, where the
controllers for the variable radiators are design.
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6.4 Remaining controls

In this part of the project, the PI controllers are implemented in the multi-zone model to control and
maintain the needed temperature and pressure in each zone. In addition, the PI controller for the fan
is implemented in order to control the variable speed of the fan by controlling its frequency. All the
PI controllers are tuned manually by inserting different values of the proportional and integral part
of the controller.

6.4.1 PI control of zone temperatures
The temperature in the zones is controlled by the variable radiators. In Figure 58 the reaction of each of the
PI controller in each zone is shown.
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Figure 58 The Temperature of a) zone 1, b) zone 2, c) zone 3.
From the figures, it is possible to see that the temperature settles to the setpoint in the interval of 130s —
250s. A small overshoot occurs in zone 2 and zone 3, of which the magnitude is in order of 0.02°C - 0.07°C.

In the start of all the responses, the transient response starts by decreasing. This is due to a high initial value
and changing it to a smaller value will eliminate this “undershoot”.

In the below depicted Table 8 the values of the PI for each zone are depicted.

Zone K, K; T, 0
1 6 0.099 250s 0%
0.02
2 2.1 0.14 135s — 0%
22
0.07
3 0.01 0.009 230s e ~0%

Table 8 The specifications of the variable radiator controllers

81



Multi zone HVAC system

6.4.2 Zone pressure
In the Figure 59 the PI controller reaction for each of the 3 zones is illustrated.
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Figure 59 a) The zone 1. Pressure b) The zone 2. Pressure.
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Figure 60 a) The zone 3. Pressure, b) The corresponding damper openings for all three zones.

In the below depicted Table 9 the values of the PI for each zone are depicted.

Zone K, K; T, 0
1 0.0086 0.00060 105s 0%
2 0.0086 0.00060 114s 0%
3 0.0086 0.00060 110s 0%

Table 9 Specifications for the damper controller.
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6.4.3 Fan and inlet pressure
In Figure 61, the reaction of the fan’s PI controller is depicted.

x 10° Inlet duct pressure
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Figure 61 Inlet total pressure provided by the fan

From the figure, it is possible to see that the inlet pressure settles within 125s. Taking into account that the
value has to be within 2% of the steady state value, the settling time would be 0s. The deviation from the
setpoint is very small, and are in the order of 0-9 Pa, which is basically nothing. The corresponding
frequency change is equally small.

In Table 10, the specifications of the controller is given.

K, K; T, 0

1.09 0.095 71s 0%
Table 10 Controller specification for the fan.
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6.4.4 Disturbance — Change in inlet temperature

In this subchapter, changes in the inlet temperature is implemented. In this way, it is able to recognize the
effects of the temperature change in all the three zones. In the Figure 62 both the temperature changes and
the inlet temperature are depicted.
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Figure 62 a) The temperature in zone 1. b) The inlet temperature and zone temperature.

In the above figure, the change of the temperature in zone 1 and the PI controller reaction are depicted. Each
time the controller is getting another temperature setpoint it always tries to settle down to the temperature
setpoint of zone 1, which is 21°C. The deviations are in order of 0°C — 0.05°C. This means, no mater the
inlet tempereture, the radiator makes sure that the zone temperature is achieved.

The response for zone 2 is depicted in Figure 63.
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Figure 63 a) The temperature in zone 2. b) The inlet temperature and zone temperature.

In the above figure, the change of the temperature in the zone 2 and the PI controller reaction are depicted.
The reaction of the Pl controller in the zone 2 seems to manage quite easy the disturbances that are
implemented. The deviation is between 0°C to 0.8°C in the graph to the right, the changes in the zone
temperature is plotted togther with the inlet temperature changes. The deviation is very small compared to
the already applied changes.
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The response for zone 3 is depicted in Figure 64.
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Figure 64 a) Temperature in zone 3 and setpoint, b) Zone and inlet temperature.

From the figure above it can be seen that the temperature tries to settle down each time the inlet temperture
changes. The deviations form the setpoint is between 0°C to 0.3°.

Disturbance — Change in damper openings

In this sub chapter, it will be implemented different fixed opening area in all inlet dampers at the same time.
In this way, the fan’s PI reaction will be investigated. The responses of both the dampers and the
corresponding pressure changes in the zones are depicted below.
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Figure 65 Setpoints for a) Damper zone 1, b) Damper zone 2, c) Damper zone 3.

85



Multi zone HVAC system
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Figure 66 The corresponding pressure changes in a) zone 1, b) zone 2, c) zone 3.

The response of the fan is:
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Figure 67 Control of inlet pressure.

Figure 67 illustrates the reaction of the fan in different damper opening areas, which occur in the model as a
disturbance in fixed values and times. As it is seemed in the figure, the fan regulates within the 71s to the
exact setpoint value, the deviations are almost unnoticeable.
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7. Control design — Model Predictive Control

As it was mentioned in the previous chapter, the HVAC system has many actuators that need to be
controlled. The Pl-control approach handles this by applying individual control to each actuator. In this
chapter a new control approach is considered, which controls all the actuators with one single controller.
However, the fan is controlled by the Pl-controller designed in the previous chapter. Due to that the
operating speed is found from the intersection between a fan curve and a systems curve.

This control method is called Model Predictive Control popular as MPC. The MPC adjusts the control input
before the changes in output occurs. It solves optimization problems, like minimizing the energy
consumption and applies constraints for either actuators or state variables. The standard Pl-controller does
not take into account the constraints/limits unless limitation and anti-windup is applied.

7.1 MPC

The MPC is a controller that uses dynamic programming® to find a sequence of future control inputs, which
minimizes a given cost function. The length of this input sequence is given by a control horizon, N,. In
addition to the control horizon the prediction of future state variables is defined as N,,, which indicates how
many steps k is the future predicted. It follows that N, < N,,. The idea of predicting the future inputs and

output is illustrated in Figure 68. If the horizons becomes too small the control becomes closer to the
normally used PID strategy, whereas if the horizon becomes too long it could induce oscillation because the
MPC control effort becomes more aggressive. Also, a longer horizon could decrease the performance as the

time for calculations at each time step increases.
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Figure 68 The prediction of input and output sequences and which are applied. [MELB]

From the figure above, it is possible to see that first, the prediction of both inputs and outputs are found, then
only the first input in the sequence is applied and then a new prediction is made. This means that at every
time step k a new sequence is calculated and only one input is applied. N in the figure is for the case of
Ny = Ny,

Another thing that the MPC handles is the constraints of the system; such as the actuators operating range or
if an output is needed to be within a limited range. In this case, it could be that the temperature inside the
zones are needed to be within a range. Normal linear controllers, such as PID’s, handles constraint
symmetrically, this is depicted in the Figure 69, p.88, for the curves (a) and (b), this means that the input is
regulated down far from the constraint, whereas the MPC can run asymmetric and decrease by a lot just
before the constraint, see (c) in figure.

! Dynamic programming is an optimization method, which simplifies complex optimization problems.
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(b)

Figure 69 The idea of control close to a constraint. [MELB]

7.1.1 Prediction Model

The MPC is based on the concept of predicting the future inputs and outputs trajectories, so a prediction
model has to be found. The prediction model is based on the state space model presented in Chapter 4. The
discrete time state space model was given as:

x(k+1)=A-x(k)+ B -u(k)
Eq 7.1
y(k) =C-x(k)+ D -u(k)
Where K is the sampling time or step size. From given initial states variables x, = x(k) and a previous input
(k — 1), then a future input sequence U = {uy, Uy 41, -, Uk+n,—1} €N be found. This sequence minimizes a
cost function V (k) over the finite horizon N,,. This cost function will be subjected to constraints, in form of
upper bounds ub and lower bounds Ib.

For the purpose of this project a cost function which handles trajectory tracking or setpoint tracking is
considered together with the rate of changes in the control input.

The cost function is given as following (M. Maciejowski, 2002):

[uk,uk+1, ...,uk+Nu_1] = arg min V (k):

Np Ny-1
Z (y(k + 116) — r(k + i1K)) QU (¥ (k + ilk) — r(k + 1K) + z AQT (k) R(k) AR ()
=N ico

Eq7.2
x(k + 1) = A4x(k) + Bz AG(k)
y(k +1) =C4x(k+ 1) + DsAG(K)
st Xip < x(k) < xyp
Uy < u(k) < Uyp
Ay, < Au(k) < Auy,

Where,

o y(k+ilk)and r(k + i|k) are the output and setpoint predicted at current time.

o Ati(k) =Auk) +uk—1)

e N, is the sampling window.

e (Q and R are weighting matrices, which penalizes either the tracking error and rate of
changes in the control input. They are given as:
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g 0 0 n 0 O
0 0 g, 0 0 mn,

Defining a set of future state variables predicted at current time step:
x(k + 11k), x(k + 2]k), ..., x(k + Np|k) Eq7.4

The prediction of these future state variables can be found from the following operation (M. Maciejowski,
2002):

x(k + 1|k) = Agx(k) + ByAti(k)
x(k + 2|k) = Agx(k + 1|k) + ByAu(k)
= Ay%x(k) + AgBgu(k — 1) + ByAu(k)

Eq 7.5
x(k + Ny|k) = Adg x(k) + A" Byu(k — 1) + AN ?ByAu(k)
44 AgMrNeBy Au(k + N,)

From this formulation, the prediction of the future state variables is stated with respect to current state
variable and future control input changes. Reformulating the prediction model in forms of matrices yields:

x(k + ilk) = Wx(k) + du(k — 1) + 0Au(k) Eq7.6
Where,
By
[Aa] AyBy + By
| A2 | :
v =| : |. P = Np—1
lAng ll Z Aizijl
i=0
B, 0 0 0 Eq7.7
A4Bg + By B, 0 0
AgBy + By B 0
0= : 0
Np—-1 Np—2 Np-3 Np—Ny,
Z A4YB, z ALBy Z ALYBy Z ALBy
i=0 i=0 i=0 i=0

Substituting this into y(k + 1) the prediction of the future outputs can be found from current state variable
and control input:

Y(k +1) = Wx(k) + @yuk — 1) + 0,Au(k) Eq 7.8
In addition, a tracking error in form of a matrix E (k) can be defined as:
E(k) = T(k) — Wyx(k) — dyu(k — 1) Eq7.9

Such that the cost function can be written as:

V() = |loyute) - EW||. +[1aucol]; £q 7.10
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Where ¥, ®,, and ©,, are corresponds to the me matrices as ¥, ® and ® multiplied with the output matrix C.
And,

y(k + ilk) r(k + ilk) Ati(k|k)
Y(k+1) = : , Tk) = s . Au(k) = [ : Eq 7.11
y(k + Ny|k) r(k + Ny|k) Ali(k + Ny k)
Q(k) 0 0 0 R(k —1) 0 0 0
0= 0 Q(k s+ 1) 0 0  p= (:) R((k +:1) -1) 0 ? Eq7.12
0 0 0 QN 0 0 0 R(N,—1)

Where Q and P constains Q and R for each step. These can vary but are considered constant in this case.

The value function can be rewritten to:
2 2
v(k) = ||0yuli) ~ E@|| + [lau@If;

= [0,u(k) — E(K)]Q[0,u(k) — E(k)] + Au(k)PAu(k)

Eq7.13
= E(k)TQE(k) — 2Au(k)TOTQE(k) + Au(k)T[0700, | Au(k)
= const — Au(k)™M + Au(k)THAu(k)
Where,
M =20,0E(k), H=0,00,+P Eq7.14

To solve this form of problem the quadratic programming is used. The quadratic programming handles the
optimization problem by finding the new control input that will minimize the cost function. The formulation
of this problem is defined as:

1
min—=Au(k)THAu(k) + MT Au(k
Au 2 ( ) (k) (k) Eq7.15

st.BAu < f
Where B and g is matrices containing the constraints of the given system.

7.1.2 Constraints

The MPC do not only consider the prediction of future state variables and control inputs but also the
constraints of the systems actuator and outputs. To use the quadratic programming for solving the
optimization problem, the constraint needs to be in form of linear constraint inequalities.

The linear constraint inequalities are (M. Maciejowski, 2002):
yip < Y(k) < yup
up < ulk) < uy, Eq7.16

Aug, < Au(k) < Auyy,
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Applying the inequalities at each time step results in the following form:
Au(k)
E| h |=<0
u(k)
F : | <o Eq7.17

6'®) <0

Where E, F and G are matrices consisting of ones and the constraints:

E=[W..Wy,wl, F=[F,..Fy, fl  G=|[61..Gny,9] Eq7.18

Where w, f and g contains the values of both the minimum and maximum. W = [W,, .., Wy | , F =
[Fy, ..., Fy,] and G = [Gy, ., Gy, ] have positive ones in the diagonal for maximum constraints and negative
ones for minimum constraints.

Re-writing the inequalities with respect to Au(k), the matrices for the quadratic problem can be found. The
first inequality can be written as:

W-Au(k)+w<0 Eq 7.19

W-Au(k) < —w Eq 7.20

For the second inequality, the following operations can be made:

Hu
ZFi-ﬁ(k+i—1|k)+f§O £q7.21
i=1
And,
i—1
Ak + i — 1]k) =u(k—1)+ZAﬁ(k +lk) £q7.22
j=0

Substituting Eq 7.22 into Eq 7.21 the following can be obtained:
Hy Hy Hy

ZFj-ﬁ(ka)+ZFj-ﬁ(k+1|k)+~-~+FHu-ﬁ(k+Hu—1|k)+ZFj-u(k—1)+fS0 Eq 7.23
=1 =2 =1

Making the inequalities with respect to Au(k), the inequality becomes:

FAu(k) < —Fiu(tk—1)—f Eq7.24

For the third inequality, G was devided into G and g, thereby the following can be done:
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G- Yk+1)+g<0 Eq7.25

&
G- (Wyx(k) + @yu(k — 1) + 0,Au(k)) < —g Eq7.26

&
G- 0yAu(k) < G- (Wyx(k) + Pyu(k — 1)) — g Eq7.27

The new inequalities can now be combined to:

F
G0,
w

—Futk—-1)—f
G- (Wyx(k) + Pyu(k — 1) — g Eq7.28
—w

Au <

The constraints used are given in Table 11. The dampers are restricted to fully open in 5s, which is
0.2827m?
5s

is unknown but set to 0.001 ’:—f. The temperature of the radiators are constraint to have a temperature change

2
= 0.0656 mT The valves are restricted to fully open in 10s. The addition or subtraction of moisture

of 0.05 % The radiators are electrical and are expected to respond faster than mass-flow controlled radiators.

Constraints  Minimum Input Maximum Input Inputs slope rate

Inputs Umin Umax Aumax >
Aginz1 0 m? 0.2827 m? 0.0656 mT
Ag; 0 m? 0.2827 m? m?

Oinz1 0.0656 —
Ay; 0 m?2 0.2827 m? m?
Oinzl 0.0656—
Openingcc 0 1 0.1
Openingyc 0 1 0.1
) k k k
R 02 0.05-2 0.001-2
kS kS Ii
T 0-2 0.05-2 0.001-2
S S S
Tradvzt 273.15K 310K 0_055
S
Tradvz2 273.15K 310K 0_055
S
Tradvz3 273.15K 310K 0.05 X
S

Table 11 MPC Constraints.
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From these constraint, f and w can be found as:

0
0.2827
0
0.2827
0
0.2827

0
1
0

1
0

0.05

0
0.05

273.15
310

273.15
310
273.15

- 310 A

10.06567
0.0656
0.0656

0.1
0.001

0.001
0.5

0.5

0.5

The constraints for the output is not applied because they are not violated, but g can be found just by making

a reasonable range for the outputs.
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7.2 Implementation — Simulink

To test the performance of the MPC, it is first tested on the linear state space model. When the controller is
acceptable, the controllers are implemented in the non-linear model. Additionally, there are two cases
implemented for the MPC, “winter” and “summer”. Therefore, the system is linearized based on either
having the cooling coil a dehumidification process or with the heater and humidifier. In the principle many
operating points or cases could had been implemented to make the controller even more correct as the non-
linear model moves away from the point at which it is linearized about.

7.2.1 Design phase — Tuning

Having a multiple-input-multiple-output system, also known as MIMO system, makes the tuning phase more
difficult, as the individual weightings will affect the others relatively. For the input- and prediction horizon,
it is important to find a balance between steps into the future and the computation time. When using the
MPC as an online control strategy, a long horizon will result in the need for more computation time at each
time step. Reducing the horizon will cause less computational effort and reduction of the time needed. In
addition, the sampling time could be reduced but in order to run the continuous time non-linear model with
the discrete time controller, the sampling time is required to be small.

To design the MPC, the MPC-Toolbox in Matlab is used. The toolbox handles exactly the optimization
problem and constraint presented in the last section. The only requirement is a discrete State space model,
which was found in Chapter 5.

The MPC toolbox is illustrated below.

L] Control and Estimation Tools Manager = B
File MPC Help
Sd|PE

Ik Workspace MPC structure overview

[ERE=]MPC Design Task|

(5] Plant models o
Controllers T —
o ?:rs‘ms 1 8 Manipulated Inputs Cutputs
((((((( (reference) variahles 8 Plant 10"
0 Unmeasured Measured
e
disturbances 10

Import Plant .. Import Controller .. Help

Input signal properties

Name
A Dinz1 l0.015982
Alinz2 0.015542
A_Oinz3 |0.0059851
Opening_hc 023923

m_win Manipulated 0.001704
Tred1 Manipulated 2942975
Trad2 Manipulated 2069373
Tred3 Manipulated 2924106

Oulput signal properties

Name
T2l
wzl
P21
T2
w2

H

P2 easu
Tz Measured 29215
w3 Measured [0.0064083

P23 Measured 100025
T.in Measured 29215

Figure 70 MPC Toolbox
Note that: the steps in the following description can be done arbitrarily.

After importing a discrete time state space model into the toolbox, the horizon for the problem can be chosen
for both the control input and state variables, see Figure 71.
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The result of choosing a too small horizon is depicted Figure 74, after the introduction to the toolbox.

Horizons

Control interval (time units): 0.
Prediction horizon (intervals): &0
Control horizon (intervals): ?_d

Figure 71 Horizons and sample time.
The final prediction horizon is chosen to be 60 intervals whereas the control horizon is 20.

After determine the horizon the constraints are applied as depicted in the figure.

Constraints on manipulated variables

MName Units Minimum Maximum Max Down Rate Max Up Rate
A_Oinzl 0 0.2827 -0.0656 0.0636
A_Oinz2 0 0.2827 -0.0656 0.0656
A_Oinz3 0 0.2827 -0.0656 0.0636
Opening_hc 0 1 -0.1 0.1
m_win 0 0.05 -0.001 0.001
Trad1 273.15 310 -0.05 0.05
Trad2 27315 310 -0.05 0.05
Trad3 273.15 310 -0.05 0.05

Figure 72 Constraints — winter case.

After the constraints are applied, the weightings on both the constraint and the tracking error are enforced.
The weightings are increased for the tracking error until it settles to the setpoint. Hereafter both control input
and output are weighted to obtain a desired transient response. An underdamped response is desired, but is
not always possible, instead small overshoots might occur.

The final weightings are depicted in the below figure.

Input weights

MName Description Units Weight Rate Weight
A_linz1 1000
A_linz2 10
A_linz3 100
Opening_hc 0.3
m_win 0.2

Tradl
Trad2
Trad3

10
10
10

iy gy pury T [OCY ey ey gy

Qutput weights

MName Description Units Weight
T_z1 100
w_z1 1000
P_z1 1
T2 100
w_z2 1000
P_z2 1
T_z3 100
w_z3 1000
pz3 1
T_in 100

Figure 73 Weightings on input and outputs.

With these final values the final controller for a “winter case” is found. The same procedure is implemented
for the “summer case”. The linear results for different horizons and weightings are illustrated in the next
section.
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7.2.1.1 Linear model Simulation

Some of the steps in the tuning phase are illustrated in the below figures. Starting with almost no weighting
(Blue graph) and then increasing the weightings to 1 on both the inputs and outputs (Black graph). The next
step is to apply individual weightings; 1 on the pressure, 100 for the temperatures and 1000 for the humidity
(Purple graph). The last step is to increase the horizon from N, =5 and N,, = 2 to N, = 30 and N,, = 10

(Green graph).

1 1
205.2 . . . . "S- . . . 1.0004 12
2051 1.0003 -
2048} - S REILIELIITETEIETPTI ' 1.0003}
€ ‘ ‘ ‘ ‘ - g
w 29460 - ol & =, 10003 -
L o
2044 1.0003 [ -
294.21 1.0003} -
284 ; ; ; ; s ; ; ; ; 1.0002 ; ; ; ;
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Time [s] Time [s] Time [s]
Figure 74 Tuning phase. a) Temperature, b) SH, c) Pressure of zone 1.
- s
2082 8)( 10 x 10° ] ]
mmm s individual Weighting
= = = Setpoint
1.0006 [~ — 1 weight
No welgthing
208" = Larger Horizon
1.0008 |-
205.8 R |
f 1.0008 |-
£
N 2056 o - o™ 1.0008 -
2854 1.0005 |-
1.0005 |-
2052
1.0005
o 200 400 600 800 1000 [ 200 400 800 800 1000 200 400 800 800 1000
Time [s] Time [s] Time [s]
Figure 75 Tuning phase. a) Temperature, b) SH, c) Pressure of zone 2.
x10° x10°
2032 T T T T 8 T T T T 1.0004 T T T T
203} 10003 e
2028 1.0003f -
w
%292.6» & 1003
L o
2924 10008 b
2022} 10008f
202 ; ; ; ; 1.0002 - . . .
0 200 400 600 800 1000 0 200 400 600 800 1000 () 200 400 600 800 1000
Time [s] Time [s] Time [s]

Figure 76 Tuning phase. a) Temperature, b) SH, c) Pressure of zone 3.
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From the graphs it is possible to see that, the response of the controller gradually becomes better and better
for the higher weightings and longer horizon. Looking at the very last case (Green Line), it is possible to see
that the outputs settles very fast. The last part is to weight the rate of the actuators, thereby making the
transient response slower, which results in making the control input more realistic. This also results in much
better control input without too many discontinuities.

The final controller for the winter case is simulated with the linear model. The output responses are
illustrated in the below figures.

Linear model | Zone 1 x10° x 10°
295.4 ’ : v , 8 ‘; x ‘; ‘; 1.0004 ‘ x ‘; ‘;
: : : : : Y . ‘
e = 1
295.2 7.9 . 10003l ]
1
2951 - 781 B L EE | EEEEEEEEE RN . . . .
1 1 ‘ ‘ 1.0003f - - ‘ ‘ ‘ 1
294.8 - T -
=N - o
- A = 10003} -
[ N
2046 - 78 o o
: : : 1.0003 -
2944} 750
2042} 7.4 1.00031
204 : : : ; 73 : : : : 1.0002 ; : : :
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Time [s] Time [s] Time [s]
Figure 77 a) Temperature, b) Specific Humidity, c) Pressure of zone 1. Linear model with final MPC.
x10* x 10°
296.2 : ‘ : ‘ 8 ‘ ‘ ‘ ‘ ‘ 1.0006
208} - 7.9f o ;-—:'———:—-“ 1.0006 -
1 ‘
7.8 1 1 1.0006 -
29581 - 1
. . 1 . . ‘
770 e M 41,0006 -
£ 9 ‘ | ‘ £
§ 2956] s . N
7.6f ! 1 & 10005} -
3
2054} - !
750 1.0005[ -
20521 7.4 ‘ —d 1.0005
205 : : : : 7.3 : : : : ! 1.0005 : : : :
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Time [s] Time [s] Time [s]

Figure 78 Temperature, b) Specific Humidity, c) Pressure of zone 2. Linear model with final MPC.
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x10
293.2 1.0004
203p 1.0003 |-
2928 i 10008 o
z | F S
© 2926 - - =, 10003 e
L o
202.4f - 10003 oo
2022 10008} oo
292 - - - - 7.3 - - - - 1.0002 - - - -
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Time [s] Time [s] Time [s]

Figure 79 Temperature, b) Specific Humidity, c) Pressure of zone 3. Linear model with final MPC.

From the figures, it is seen that very small deviations occurs in zone 2, else all the outputs settles to the
setpoint value, these deviations are acceptable. The performance of the controller will be evaluated after
implementing it on the non-linear model.

7.2.1.2 Non-linear model with MPC

From the result is was possible to detect small deviation, this is due to that the controller only works optimal
in a region around the linearizing point. Therefore linearizing the model at more operating points or adapting
the system at each time step could increase the accuracy, especially for system with large operating ranges,
such as the HVAC system.

As mentioned previously, the multiple MPC approach is used as the adaptive is too slow computationally.
Linearizing at different operating point, in this case two “points”; one case for the winter and one for the
summer.

The idea of this is illustrated in the block diagram below.

2

j Multiple MPC Controllers
Summer Case. »
,_._| >= 292 m switch
| I Outputs
; J Case Selector. » mo Mk‘ﬂ‘gge mv » Inputs
Mixing Conditions |
Winter Case. Out1 ref
Non-Linear
Setpoints. Multi-Zone Model
Figure 80 Multiple MPC.

The Multiple MPC block contains the two MPC controllers which each are designed for the summer and
winter case. The specific controller is chosen based on the mixing box condition, whether it is higher or
lower a value. Both conditions has to be fulfilled this means whenever the temperature and humidity are
below this threshold the switch returns 1 else with 2.
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7.2.1.2.1 Winter Case

The result is depicted in the figures below, both for the inputs and outputs. The system undergoes a setpoint
change from the desired to a higher setpoint to see how the controller tracks the new setpoint.
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Figure 81 Zone 1. Responses a) Temperature b) Specific humidity c) Pressure.
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Figure 82 Zone 2. Responses a) Temperature b) Specific humidity c) Pressure.
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Figure 83 Zone 3. Responses a) Temperature b) Specific humidity c) Pressure.
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The corresponding inputs are:

Inputs - Dampers

0.02 ; 0.018 . . : :
0.0175 R T T I Av
: BBF e 4
0.017 1
6.6 1
& Ly
E E
o 0.0165 1 ? 6.4 1
£ e
6.2 1
0.016 E
0.0155 1
0.0155 ‘ ‘ ‘ ‘ 0.015 i i i i .
200 400 600 800 1000 V] 200 400 600 800 1000 0 200 400 600 800 1000
Time [s] Time [s] Time [s]
Figure 84 Dampers.
Inputs - Valve opening & added water wapor x 10°
0.24 f f f f 1
0o S S P 4
0.23
9 .................................... -
0.22 8 .................................. -
% é A SR R R R 4
£ o021 =
c T 6F - b 4
g 5
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Figure 85 Inputs a) Opening heater valve b) added water vapor.
Inputs - Radiators
296 - : 298 294.4 , , , ,
295.8- 2942} - 1
297.8
295_6 b 294 ......................................
2054} i 2976 208 8F - ool [
< 2952 1 € se74l < 2936} e
E 2051 1 ¥ § 2034} RERR
] B b :

'_rz 2048 1 '_n: o972k ol ] |_n: 2032l i A
2046f - - - | ] 297} 203F - ........
2044 ) 1 2028 .

296.8 :
2942 - 1 292.6 :
294 i : i i 296.6 : : i : 2924 : : : :
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Time [s] Time [s] Time [s]

Figure 86 Variable radiators.

It is possible to that the linearizing point is meet perfectly but when a change in setpoint occurs, some small

deviations occurs.
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The settling times and overshoots are given in Table 12.

Temperature  Humidity Pressure

Zone 1.
Settling time 130s 62s 80s
Overshoot 0.1°C~10% 0% ~0%

Zone 2.
Settling time 102s 100s — 1500s* 102s
Overshoot 0.1°C~10% 0% ~0%

Zone 3.
Settling time 88s 47s 92s
Overshoot 0.06 °C~6% 0% ~0%

Table 12 Control specifications.

* The humidity do not settle completely. It go within 10% of the setpoint value within 100s where after it
slowly converges to the setpoint in 1500s.

Additionally to the winter-case MPC a controller for a summer case is also found. The inputs and outputs
responses are illustrated in the figure on the following pages.
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7.2.1.2.2 Summer Cass

The summer case where dehumidification is needed, the radiator constant is off. The outputs and control
inputs are respectively illustrated in the following figures.
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Figure 90 Control input for cooling coil.
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The response times are approximately the same as for the winter-case. The summer case differs in specific
humidity. The controller is not able to reach the setpoint value for zone 1 and zone 2. Applying more weights

on the tracking error do not help. The humidity increases at 16s to a value within 37% of the setpoint but
hereafter it takes more than 1000s to settle.

The settling time and overshoot for the outputs are given in

Temperature  Humidity Pressure

Zone 1.
Settling time 81s 1500s 84s
Overshoot 0% 0% 0%

Zone 2.
Settling time 103s 1500s 104s
Overshoot 0.1°C~10% 0% 0%

Zone 3.
Settling time 66s 46s 34s
Overshoot 0.1°C~10% 0% 0%

Table 13 Controller specifications.

From the tables it is possible to see that the MPC controllers are not made much faster than the PI-

controllers, except for the specific humidity. However, it is expected that the MPC perform better when a
disturbance is applied. This will be tested in the next chapter.
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8. Comparison

In this chapter, the two different control methods are compared, to test their performance when not only
setpoints are changed. The controllers will be compared for a door opening into the zones.

8.1 Mathematical modelling of disturbance

8.1.1 Mass flow rate
The modelling of the door opening is considered as a natural ventilation technique. More in detail the door
opening, will be explained mathematically and implemented in the Non-linear Simulink model.

In order to describe the air flow rate through a door opening, the following semi-empirical model is been
used (Heiselberg, 2006):

2-Ap
Pi

Eq 8.1

Gaoor = Ca A~

Where,

3
®  Qaoor IS the volumetric inflow [mT] through the door opening,

e A isthe opening area [m?] of the door
e (, isthe discharge coefficient [-]
e Ap [Pa] accounts for the pressure difference across the door opening

o p; refers to density [%] of the air passing the room.

The discharge coefficient C, is been found, in general cases, in the range of 0,6 — 0,7. The value of C,; is
principally depended on the contraction of the opening area and the friction losses which are negligible in the
case of window or door opening.

The opening of the door is been accounted as a ventilation through a vertical opening due to the pressure
change between indoor and outdoor. The following equation illustrates the correlation between the pressure
change and the volumetric flow rate.

2-|4p| /4
Gaocor = Ca " Adoor ?nl: (ﬁ) Eq 8.2
Where the pressure change is:
Ap = Pone — Potm Eq 8.3
The term IZ% defines the direction of the flow rate, in the meaning of inserting the building (minus sign) or

exerting the building (plus sign)

The mass flow rate leaving the zone can from the above be expressed as:

Maoor = Pzone * Qdoor

_ Mzone 2- (onne - Patm) FProne — Patm Eq 8.4
= *Cq " Adoor * ’

m
Vione Mzone

|onne - Patml
zone
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If the pressure is the same, thereby leading to no pressure difference across the door, mass flow rate is based
on the temperature or density difference. For this case, there will exist both a mass flow rate in and out of
zone but as the zones has to be pressurized, the flow will mainly be going out of the zone, as the pressure
outside is less. In addition to this, the wind will contribute with some amount of inflow to the zones when the
wind direction is against the door opening. The contribution of the wind is not considered here.

8.1.2 Heat transfer rate
The heat transfer rate can for a door opening with pressure difference can be modelled as convection:

Qdoor =h- Agoor * (Tzone — Tatm) Eq 8.5

Where h was the heat convection coefficient. h can for free convection of air, gasses and dry vapors be

found to be in the range of 0.5 —— — 100 —= “2’
meK

is used.
m2K m2K

(engineeringtoolbox, n.d.). A value of 0.75

The door opening is simulated in the same manner illustrated in the figure below. This takes into account that
the door is not fully opened instantly. The time at which the door is open can be seen from the x-axis.

Door opening

- - - -
N A O
T T T T

[=2] (=
T T

Door opening Area [m2]

© o o ©
[
—T

o

90 95 100 105 110 115 120 125 130 135
Time [s]

Figure 93 Door opening for simulation.
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8.2 Simulation results

The door opening is applied to zone 2 as this zone interact with both zone 1 and zone 3. The results are
illustrated in the figures below. Pay attention to that the response for the case with the Pl-controllers, the
system has already settled, that is why there is no transient period in the start. This is due to different settling
times.
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Figure 94 a) Temperature, b) Pressure, c) Specific humidity for zone 1.
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Figure 95 a) Temperature, b) Pressure, c) Specific humidity for zone 2.
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Figure 96 a) Temperature, b) Pressure, c) Specific humidity for zone 3.
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The corresponding control inputs are illustrated in the figures below.
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Figure 97 Damper openings of a) Zone 1, b) Zone 2, c) Zone 3.
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Figure 98 Radiators temperature of a) Zone 1, b) Zone 2, c) Zone 3.
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A table over the decreases and increases in the different outputs when the door opening is applied are given .

From comparing the temperature of the zones, it can be seen that for the case with the Pl-controllers, the
temperatures decreases a lot compared to the case with the MPC. The temperature of zone 1 is practically
unaffected. The decrease in temperature for both cases are almost of same magnitudes.

Looking at the temperature in zone 2, the temperature decreases for the Pl-case 3.5°C while the temperature
for the MPC-case decreases with 0.5°C. Additionally, the MPC-case settles 30s before than the Pl-case.

In zone 3, the temperature of Pl-case decreases with 1.3°C where in the MPC-case it decreases with 0.1°C
and it takes 150s less to settle.

From comparing the pressures, zone 1 and zone 3 are almost unaffected. In zone 2, the pressure decreases
with 30 Pa for the MPC-case and 20 Pa for the PI-case.

Looking at the figure with the damper openings, it is clear that this is a result of the damper in zone 2 is not
opened as much for the MPC-case as for the Pl-case. A smaller weighting on the dampers might would result
in a smaller decrease. Another thing that is important to notice that the overshoot of pressure is avoided by
the MPC.

For the specific humidity, the Pl-case has a large increase in specific humidity compared to the MPC-case.
This is due to the MPC do not open the dampers as much; thereby the Pl-case will have much more air
inflow with a higher specific humidity compared to what is leaving the zone. The result of not altering the
inflow specific humidity in the MPC-case results in a minor decrease, which takes longer time to settle
afterwards (Approximately 500s, as no additional water vapor is added).

In general the settling time of the MPC is faster and more robust.

The changes in temperatures are given in the table below:

PI-Controllers MPC
Temperatures Decrease/Increase  Decrease/Increase
Zone 1. —0.09°C —0.05°C
+0.07 °C +0.02°C
Zone 2. —-3.5°C —0.55°C
+1.82°C +0.36 °C
Zone 3. —1.34°C —0.07°C
+0.98 °C +0.04 °C

Table 14 Temperature changes when disturbance is applied.

The changes in pressures are given in the table below:

PI-Controllers MPC
Pressures Decrease/Increase Decrease/Increase
Zone 1. — —
Zone 2. —20 Pa —30 Pa
+13 Pa +2.0 Pa
Zone 3. — —

Table 15 Pressure changes when disturbance is applied.

The changes in specific humidity’s are given in the table below:
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Specific Humidity
Zone 1.

Zone 2.

Zone 3.

PI-Controllers
Decrease/Increase
Kg Moist

Kg Dry air
Kg Moist

Kg Dry air

—3.0-107°

+9.5-107°

Kg Moist
Kg Dry air

Kg Moist

Kg Dry air

+8.2-107*

—9.0-107°

+1.7-107°
Kg Dry air

Kg Moist

MPC

Decrease/Increase

Kg Moist

—6.9-107°
Kg Dry air

Kg Moist

Kg Dry air
Kg Moist
Kg Dry air

+1.2-107*

—-7.2-107°

Table 16 Specific humidity changes when disturbance is applied.

From both the figures and tables, it is possible to conclude that the MPC is better than the Pl-controllers. An
important fact is that if the radiators rate of change in temperature becomes lower, the decrease in
temperature is affected a lot. It would still be possible to weight the constraints on the damper so they can
change faster without violating the rate limits of the dampers. However, it would be a cost of a larger
deviation in specific humidity when the door is opened.
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9. Setup

The setup used for control testing is illustrated in the Figure 100.

Figure 100 The Setup that was used for validation and control.

9.1 Setup description and interface

A fan provides an airflow which circulates in the plastic pipes. Two dependent dampers, of which the angles
are aligned, determine the amount of exhaust and inlet air. The air is sent into a small plastic box, which
represents a zone. In the box, there is a lamp, which is considered as internal heat gain or disturbance. The
inlet and outlet to the zone is not controlled by any dampers but is fixed at the circulation pipes diameter. A
cup of water is placed inside the box in order to add more moisture to the air. The measurements from
sensors and actuators are sent to and from two DAQ devices to a computer with an interface in LabVIEW
NI.

The ventilation setup consists of:

e A Plastic box (The zone, control volume)
e  Cup for water (Add in moisture)
o Inlet and outlet dampers

e AFan
o A Heater
o Alamp

e Temperature sensor and Humidity Sensor (Relative Humidity)
4. analog switches and controllers
2. DAQ Cards, NI USB 6009, depicted in the figure to the right.
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Figure 101 The DAQ Card, NI USB 6009,
used in this project setup.
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The interface is designed in LabVIEW, the pre-existing interface is depicted in the Figure 102 below.
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Figure 102 The existing graphical interface.

In the existing interface, controls for both open and closed loop testing are available. Simply by applying the
manual/autonomous switch depicted in the left-bottom side of the Figure 102. For the purpose of this report,
this interface is only used for the open loop testing, due to the fact that the interface is slow and the response
between the actual actuation and measurement is delayed a lot due to the filtering time. A lot of filtering is
needed which also slows down the measuring and control.

For the appliance of the open loop testing four (4) numeric controls are implemented in the front screen in
order to control the actuation precise and at same time.

The data measured, or sent to the setup is handled by two USB 6009 NI data acquisition cards. The cards are
limited by its application, and for control purpose, the sampling time needs to be low enough for both DAQ
to follow each other.

Each card has 8 analog inputs and 2 analog outputs. It also consists of 12 digital input and output channels
but these are not used. The used channels for these testing is given in the tables below.

The two cards input and output are connected as shown in the Table 17.

Card A. All Al2 Al3 Al4 AOl AO2
Input (V) Lamp Fan Heater Damper

(Measurement)

Output (V) Lamp Fan
(Control input)

Card B. Al4 Al7 AO1 AO2
Input (V) Temperature RH

(Measurement) (Zone) (Zone)

Output (V) Heater Dampers

(Control input)
Table 17 The input and output channels of the DAQ devices.
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The voltage of each input ranges between 0-5v. The voltage is converted to the amount of the percentage
ON. For temperature (T) and relative humidity (RH) the conversion function is pre-given, by means of
relating the voltage into real value of degrees in Celsius and percentage for the temperature and the relative
humidity respectively.

For control purpose, a new interface is created and the ranges of the input and output need to be calibrated to
the “right” range, as shown in the Table 18.

The ranges of voltage is given below.

Flow rate [mTS] Heater [%0] Lamp [Lux] Dampers [%0] Temp [°C] RH [%]
Actuator/ m3 m3 0w —100% 0 Lux — 1000 Lux 0% —100% 0°C 0%
sensor range 0 o 6 h —100°C —100%
Voltage 0.988v-3.01v 1.028v-3.5v 3.25v-4.43v 1v to 4.959v Pre-given Pre-given
range relationship = relationship
Offset 0.988v~1v 1.028v 3.25v 0.999v~1v
Conversion 6 w-1 38.88- (V 847.46-(V —3.25) 2525-(V—-1) 25-(V-—-1) 25-(V-1)
function to 2022 —1.028)
100% on

Table 18 Actuator ranges and conversion function

From the above table it is possible to see that there are some pre-given functions to determine the
temperature and relative humidity, as it is not possible to measure these values from another sensors and
compare with the voltage range.

9.1.1 Filtering
The data logging from the setup is done by a sample rate of 1 kHz and with 1k samples, making the sampling
time 1s. The sampling time is very low but it is necessary in order to make the DAQs ports work in sync.

The measurements from the DAQs, due to noise, need to be filtered. A very simple exponential filter is
implemented since the cut off frequency is close to 0 and the low pass filter is not suited for every
measurement. The measurements of the temperature, before and after the filtering, are depicted in the graphs
shown in the Figure 103 below for two different filtering times, 5s and 10 s.

Filtering of Temperature signal Filtering of Temperature signal

23.8

Non-Filtered . : : : = Non-Filtered
| == Filtered T,=5s| | 242 o e Filtered T,= 105 |

23.71

236 -

23.5[ -

TICl

234 -

233

2321

231 i i ; ; ; ; 234 i i i i i i
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time [s] Time [s]

Figure 103 a) Filter time 5s, b) Filter time 10s.

From the graphs above is possible to be seen that choosing the filtering time too large make the response
time much slower than when is too small, although in the second choice some noise still exist. Therefore the
filter time for the temperature is chosen to be at 8s. The same procedure is applied for the other
measurements. Some oscillation still exist but is acceptable, in order to avoid slowing the system even more.
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9.1.2 PID-control

In order to run the open loop and closed loop tests, where the PID-controller can be applied for each
individual actuator at the time, a “case structure” is used. Switching between open loop, individual control
and combined control. The following cases are implemented into the GUI.

1. Open Loop

2. PID-control on all

3. PID-control Temp

4. PID-control Moist

5. PID-Control Air
Another important factor is that the output voltage range of the DAQ devices is between Ov to 5v therefore
the PID-control output must not be negative, since no negative voltage is allowed. The actuation will be
controlled by a positive voltage where the magnitude indicates how far is from Ov.

9.1.3 New graphical interface

The new interface is illustrated in Figure 104 below. All the measurements for the actuators are depicted in
the four graph in the top, and the temperature and relative humidity is depicted in the two graphs in the
bottom part of the figure. For each actuator, except the lamp, the control gains are depicted respectively
beneath each graph. Thereby, each actuator can be tuned independently. The reason that the lamp has no
controller is due to the fact that is set as a disturbance.
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Figure 104 Graphical interface, to see block diagram, see Appendix 9.

In the above figure, the “roll bar controls” are used as a setpoint for either the actuators or for the
temperature and RH. The “white roll indicators” illustrate the actuators percentage control input.
Furthermore, a “stop button” is implemented in order to terminate the simulation whenever is needed by the
user. In addition, a “case selector” is realized, which selects if the setup runs in open loop or one of the
closed loop cases.

9.1.4 Limitations and uncertainty

The limitation with this setup is the hardware, which is very old and even though the actuators can run with a
high sampling time, the sensors in the system are limited. Therefore, the interface or controllers have a
slower response.
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Another thing is that the pressurization cannot be maintained due to the fact that the dampers are open to the

atmospheric pressure, the control volume is not isolated enough and the dampers’ positions are fixed at the
same angle.

One of the main uncertainties with the open loop test for the model validation is that the ambient temperature
acts as a disturbance, which can vary from day to day with some degrees. The tests are conducted at
approximately the same initial temperature, although some starts with some degrees in difference.
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9.2 Open loop tests

As a part of the modelling a lot of open loop tests was conducted on the setup, in order to validate the model.
Due to some conflicts with the system identification, some round offs and many disturbances in the
measurements, the system identification was not completed.

Some of the best measurements are depicted in the below figures. The two figures are for two different
setpoints for the heater, 50% and 75% respectively. The tests are conducted in a period of 1h to 2h.

It is possible to see variation in the heaters control input. Beside that the voltage input to the heater differs a
lot from time to time, the relationship between the heaters watts is not linear with the voltage provided, the
tendency is observed to be more exponential.

The setpoint for the different measurements are given in the legends. Here F denotes the volumetric inflow
provided by the fan, D denotes the opening percentage of the dampers and H denotes watts of the heater.
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Figure 105 a) Temperature, b) RH, c) Damper opening, d) Heater.

From the above figure, it can be seen that the temperatures has the same increase in the start where after it
settles depending on the provided heat and damper opening. From the RH, it can be seen that it gradually
decreases with the increasing temperature, which is expected as hotter air can hold more water vapor.

Looking at the measurements for the heater it is possible to see that even though the setpoint is the same, the
watts provided still differs by 5 watt.
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Figure 106 a) Temperature, b) RH, c) Damper opening, d) Heater.

Some improvements for the measurements could had been made by running the tests for a longer period. The
temperature has been in steady state for several minutes before the tests are ended. This is almost
unnoticeable in the figures as the run time is more than 1 hour.

Another thing which could had improved the system identification process, if the running time was longer,
would had been that the RH might have settled down. It seems to need more time than the temperature. At
last, more precise measurements for the RH could had been beneficial. Unfortunately some round offs was
made when the measurements was saved, thereby making the some of the measurements more discrete.
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9.3 Control — PI control

The temperature and relative humidity in the box-zone in the Set up is controlled by using the fan, the
dampers and the heater. Compared to the model established in chapter 3, the setup does not have the
flexibility to control the specific humidity but only the relative humidity. The specification here is that the
RH is achieved by changing the dampers, but can only be controlled within the limits of the temperature
within the control volume and the ambient temperature. The temperature is directly controlled by the heating
coil but is also influenced by the ambient temperature, as the dampers alter the opening area.

The Pl-controller is chosen for all the actuators, as the derivative term can cause unnecessary addition of
noise. One of the modified PID approaches could have been used if the derivative term was in need.

The Pl-controllers are tuned to be underdamped if possible. As it was mentioned earlier, it is a compromise
of a slower response time of the controller, but in this way less oscillation or no overshoot can be achieved.
This means that e.g. the heater will not be heating up and cooling down periodically.

Moreover, disturbances are applied to observe the changes of the control input as well as if the setpoint is
maintained.

The block diagram for the controller is illustrated in Figure 107 .This is for case 2, where the whole system is
controlled at same time.
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Figure 107 The Case loop for the combined controllers.

In the above figure, the setpoints and process data are depicted in the left side of the block diagram, together
with the case control (blue), which dictates which case to run. In the case loop, all PID — controllers are
placed with the control gains outside the loop. To the right in the block diagram the output is sent to the
DAQs output channels, precisely two outputs for each. Before the control input enters the output port it is
divided by a factor of 20 in order to convert it back to voltage, which ranges between Ov-5v.

The case with all the controllers is first used when all the P1-gains for all the actuators are found.

118



Multi zone HVAC system

9.3.1 Temperature

As it is already mentioned, no overshoot is desired, therefore the control gains are tuned to avoid them. The
Pl-gains that were found after the tuning process of the controllers, are given in Table 19. The temperature
settles down in around 1.5min to 2.5min depending on the setpoint change. Trying to make it faster will end
in continues oscillations in both temperature and control effort.

K, K; T, Overshoot
6 1 1 ) Changes with the setpoint ~0%
T, 05 changes, here it vary between

100s to 200s
Table 19 Controller specification

The response of the temperature and control effort of the heater are depicted in the figure below. This is for
changing setpoint values.
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Figure 108 a) The temperature setpoint and actual temperature, b) Control effortof the heater.
Lamp off and open damper.

In Figure 108, the temperature is depicted in the left graph and the control effort of the heater in the right
graph. It is possible to see that the temperature settles to the setpoint within minutes without much overshoot.
It is also possible to see the required percentage [%] that the heater provides in order to keep the temperature
at different setpoints.

To test how robust the controller is, various disturbances are applied to the system, such as opening the front
side of the control volume, opening a window, adding internal heat gain and different damper openings. The
results of this are presented in the next sections.
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9.3.1.1 Disturbances — Change in damper openings
Applying different damper openings will cause less or more outside air to enter in the pipe. Thereby, in order
to maintain the temperature at the desired setpoint, changes in the amount of heating is a need.

The different applied damper openings are illustrated in the graph to the left side of the Figure 109. The
setpoint for the temperature is almost 31°C. The control effort is depicted to the right side of the figure.
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Figure 109 a) Damper opening (0% = fully open), b) Control effort of Heater.

It is possible to see from the above figure, that when the damper closes down, the heater gradually decreases
its control effort. This is due to the fact that the ambient temperature is less than the temperature inside the
control volume. Therefore, letting less ambient air in and recirculating the inside air will make the return air
to the heater warmer and less heating is needed. The effect on the temperature can be seen in Figure 110.
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Figure 110 The actual temperature and the setpoint temperature.

One could see that the temperature is approximately at the setpoint and it begins to deviate more when the
damper closes. The deviations are in a range of 0°C — 0.5°C. This means that even though changes in the
fraction of air entering and leaving the system occur, the heater makes sure to maintain the temperature
within acceptable range. Running the test and disturbances for a longer period could also cause total
convergence, without too large fluctuations.
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9.3.1.2 Disturbances —Open door

Another disturbance applied to the system is an “Open door” disturbance, which is conducted by opening the
front side of the plastic box in the first 30sec and then in 60 sec. Both temperature and control effort of the
heater are depicted in the Figure 111 below.
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Figure 111 a) Temperature of control volume, b) Control effort heater.

From the above figure it is seen that just before 400s the front side or “door” opens, which results in a
decrease of temperature to 0.6°C. When this change occurs the control effort of the heater rises almost 7
Watt in order to compensate the change in temperature. At the time that the control efforts reaches the peak
value (just after 400s) the temperature begins to increase again. The control effort decreases because the
front side is closed again and less heat is needed to compensate for the heat lost by the opening.

The second opening is applied around 600s. The temperature decreases to approximately the same
temperature as in the first opening, except that this time it takes a longer time to rise due to the fact that the
front side is kept open for a longer time. The control effort is almost of the same magnitude, which is
10Watt. This means, if the front side was to be open even for longer time combined with a lower ambient
temperature, the control effort would increase much more. On the other hand leaving the front side open for
a longer period, might cause the temperature to settle down but at a cost of large magnitude change in the
heater controller.
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9.3.1.3 Disturbances —Internal heat gain

The last disturbance applied to the system is the internal heat gain or else the lamp. The lamp setpoint is
depicted in the left side of the figure below and the control effort of the heater is depicted in the right side.
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Figure 112 a) Lamp setpoint value, b) Heating coil control effort.

The lamp setpoint varies between OLux to 750Lux. When the lamp is turned on, the control effort of the
heater starts decreasing as the lamp provides heat to the control volume.

The temperature change throughout time is illustrated in Figure 113.
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Figure 113 The temperature of the control volume.

It is possible to see that it exists a small error between the setpoint value and the actual temperature, the
difference is approximately 0.3°C. It can also be seen that the temperature remains almost undisturbed by the
increase in Lux-value. In the period of 400s to the 900s, it is possible to see that the temperature settles
down. This is due to the test for this Lux-setpoint is conducted for enough time. It takes approximately 500s
to settle, which is exactly 8.33 min. This is a relatively long time, but the magnitude of the Lamp is 700 Lux,
and without any form of cooling it will take this time to settle down.
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9.3.2 Relative humidity

The damper is used in order to control the relative humidity, due to the lack of humidifier or cooling coil. Its
operation lies in controlling the opening damper angle in order to either add air, which results in a decrease
of the relative humidity RH, or fully close damper which results in adding RH.

K, K; T, Overshoot
15 1 1 s Changes with the setpoint ~0%
T, 04 ° changes, here it vary between Small overshoot for some
100s to 200s setpoints.

Table 20 Controller specifications.

The RH and Damper openings for different setpoints, are depicted below. In the graph for the RH, the red
dashed line is the real value and the blue is the setpoint.
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Figure 114 a) RH and different setpoint values, b) Dampers openings.

In the left side of the figure it is possible to see that, the RH settles within 200s but in the end of the test the
last setpoint can’t be reached as the air specification of the inside and outside air does not allow for a lower
RH. At this time, the dampers’ position is fully open 0% and cannot let more outside air in, even if it’s
needed in order for the RH to settle down. This is one of the main limitations of the system, only linking the
RH to the dampers position. The way the dampers are controlled is when the RH setpoint is high, the
dampers are totally closed. In addition, in the case of the RH setpoint is low, the dampers are fully opened.
This is valid disregarding the ambient temperature, specific humidity and RH. It could be that taking in more
air would result in a higher RH but the controller does not allow this to happen, as the voltage is non-
negative and only goes from Ov-5v. This means no negative values comes from the controller as the lower
limit of the output range of the controller is saturated at 0.

In the next sections different disturbances are applied to the system, to see the controller performance.
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9.3.2.1 Disturbances — Open door
The door disturbance is applied in both 30s and 60s. As no changes happens in either RH or damper position
of the first case, only the case with 60s opening is depicted below.
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Figure 115 a) RH and setpoint, b) Damper opening.

The opening is applied at 350s. It is possible to see that the dampers position closes down to 40% in order to
remain at the setpoint value. As a result of the change of the dampers position, the setpoint is held and only
very little deviation occurs. The reason that the setpoint can be maintained results from the fact that the
ambient air temperature and RH is very close to the one inside the control volume. In the case of changing
the ambient air specifications is tested in the next section.

9.3.2.2 Disturbance — Open window

In this test, the window is opened together with the front plate of the control volume. The results are depicted
below.
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Figure 116 a) RH and setpoint for door opening and a cold environment, b) Dampers opening.

From the graphs it is possible to see that, between 200s-300s the RH decreases as a result of the “door
opening”, which is applied at 210s to 240s the dampers close to 100%, and after the front plate is closed
again, the RH setpoint is obtained again. The decrease in the RH is approximately 4%. Opening the front
plate again, results in a large jump of the RH, which is a measurement error, and then it decreases. The
dampers experience the same reactions as before, in order to come back to the setpoint for the RH. This
means, the Pl-controller cannot prevent the decrease in RH until the front panel is closed. Second time the
front plate opens, the RH begins to increase again but not because of damper changes. The dampers are fully
closed; therefore it is only due to the mixing of air entering the control volume and the air circulating inside.
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9.3.3 Fan

The fan controller is tuned in order to maintain the volumetric flow rate at different damper openings. The
pressure is not measured in the set up system. The system is very old and has some limitations. The fan is not
strong enough for some damper openings to maintain the maximum flow rate. This will be illustrated in the
figures below.

The final Pl-gains and specifications are given in the Table 21.

K, K; T, Overshoot
15 11 Changes with the setpoint ~0%
—=—==25 .
T, 0.35 changes, here it vary between
30s to 250s

Table 21 Controller specifications.

The final controller is tested for different setpoint values and for different damper openings, varying from
0%-100%. Four of the test results are depicted below. These tests are for 20%, 40%, 60% and 80% closed
dampers.
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Figure 117 a) Flow rates and setpoints for 20% closed dampers, b) Flow rates and setpoints for 40% closed dampers.
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Figure 118 a) Flow rates and setpoints for 60% closed dampers, b) Flow rates and setpoints for 80% closed dampers.

From the graphs it seen that in the case of the dampers are either much closed (80%) or very open (20%) all

3
the flow rates can be achieved. Closing the dampers in the interval of 40% - 60%, a flow rate above SmT
cannot be achieved; this means that the performance of the fan is far from optimal when a lot of resistance is

3
induced by the dampers. Based on this observation, the control tests will be running with a flow rate of SmT
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or below. The settling time for the fan is varying form 30s for small changes to 250s for the upstart setpoint.
There is approximately no overshoot, only some fluctuation in the measurements.

9.3.4 Combined Test

The controllers have been found and they are all combined into a combined version. In order to test both the
control of temperature and RH, it is important to be aware of the limitations because the two variables are
dependent. The relative humidity depends on the specific humidity and the temperature. Therefore there is no
point to have a setpoint that violates the range of possible relative humidity for given temperature and
specific humidity. In addition, the specific humidity can be found from running a measurement for
temperature and relative humidity.

One example is for the first test (Test no. 1), the temperature and RH are measured as:
T = 23.5673°C, RH = 42.93%
From this, the saturation pressure and specific humidity becomes:

kg water vapor
Psqe = 2889.8 Pq, w = 0.0078

kg dry air
A setpoint for this situation can be: T, = 25°C and ¢, = 39.35 %

9.3.4.1 Setpoint tracking

3
Running this test for 4% , the fans capability is shown in the Figure 118 when the dampers is more than
40% to 80 % closed.

The control input, temperature and RH for these specifications are depicted in Figure 119 and Figure 120.
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Figure 119 a) The RH, b) The temperature.

From the above figure it is seen that the temperature and RH settles in 100s and 250 sec. In order to maintain
the RH the dampers will keep adjusting, allowing the right amount of air in the system. This causes changes
in the temperature, and therefore the temperature oscillates within the range of 0.4 C around the setpoint. The
RH fluctuates around the setpoint with 0.5%. Some of the fluctuation can be eliminated by having the
humidifier, thereby eliminating the need to change the damper position continuously. The damper will be
regulated to the position making sure that least heating is needed to achieve the setpoint value for the control
volume.
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The control inputs are depicted in Figure 120.
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Figure 120 a) The damper opening, b) The heating coil Control effort.

From the above figure it is possible to see that the heater first starts settling down in the end of the runtime
because it needs to compensate for the changes in the damper opening. As the damper opening keeps
changing, there will also be oscillations in the heaters performance.

The air flow control works disregarding the change in damper opening, see Figure 121.
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Figure 121 The airflow for Test no. 1.
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9.3.4.2 Test no. 2 Different Setpoints tracking
In the next test, different setpoints are applied to the system, to see if the system can follow changing
condition. The temperature- and RH setpoints are given in the Table 22,

Setpoint Temperature RH

1. 26,4°C 46,4%
2. 28,5°C 50,6%
2l 26,5°C 46,7%
4. 29°C 48%

Table 22 Setpoints.

The setpoint (Red, dashed line), temperature (Blue line) and RH (Blue line) are depicted in the Figure 122.
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Figure 122 a) Temperature and setpoint values, b) RH and setpoint values.

From the figure, it is possible to see that the temperature settles to the setpoints with changing settling time,
depending on the setpoint difference. The fluctuations around the setpoint values are very small. The same
follows for the RH, though it can hardly reach the first setpoint, due to that the RH reaches the limit of the
range, in which the RH is possible, for the inbox and ambient air specifications. The next setpoint is within
this range and is achieved within 100s, which is significant smaller time than the 400s. In general, the RH
settles fast, as long as the setpoints are given within the range of possible RH-values. This range varies a lot
depends on both temperature and humidity inside and outside the control volume.

The Control effort of the dampers and heater are depicted in Figure 123.
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Figure 123 a) The control input from the heating coil, b) The control input from the dampers.
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From the figure it is possible to see that at low temperature setpoints the heater is settling fast, as the damper
is not affecting the heating much. Increasing the setpoint value to 28.5°C-29°C, the heaters control effort
increases but is needed to be reduced afterwards, as the dampers are closing more than 50%, allowing less air
in than what returns from the control volume. This air is already heated.

To see what happens when different disturbances are applied, both a case with the front side open and a case
with the window open is applied, letting the cold air in to mix with the ambient air.

9.3.4.3 Disturbances — Door opening

The front side is opened 1/3 of the total area in both 30s, 1min and 2min, in order to simulate what happens
when a door in a zone is opened. The temperature different between inside the control volume and the
ambient is not large; it will only differentiate by some degrees when the setpoint is relative low (25°C —
27°C).
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Figure 124 a) The Temperature and Opening intervals, b) RH and opening intervals.
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Figure 125 a) The Heaters control input, b) The dampers opening.

In the Temperature and RH graphs given in Figure 124 it is possible to see, both the setpoint - the actual
value- and the interval in which the front plate is opened. The control of the heater and dampers
corresponding to this are depicted in Figure 125. It is possible to see, that the temperature and RH decreases
as the ambient air is let in. The temperature decreases with more than 1°C and the RH with 2%. The heater
tries to make the temperature reach the setpoint. This can be seen by looking at the peak at 400s. The same
happens in the next interval, but in the third interval of the door opening, which occurs in 2min, the change
in RH is the same whereas the temperature decreases only 0.5°C causing only a small rise in the heaters
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control effort. The large change in RH in the third interval is a disturbance, which disappears after 100s. This
is one of the uncertainties in the systems sensor.

9.3.4.4 Disturbance — Ambient air changes
In this test the window in the ambient room is opened, causing the temperature different to grow together

with the relative humidity. After the system has settled, the window is opened, together with the front side of
the control volume.
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Figure 126 a) The Temperature, b) RH.
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Figure 127 a) Heaters control effort, b) Dampers opening.

The first door opens at 130s here it is possible to see that both temperature and RH decreases. After the front
side is closed again the temperature settles, but the RH does not. It is not possible for the RH to settle. The
problem with the setup is that it is controlled by a positive voltage and not by both negative and positive
voltage range. This means that for some changes, the damper will think it will remain at 0% (Ov, fully open)
where as it actually should close down and vice versa. Having a voltage range -5v to 5v would make sure to
have the ability. One way to see this, is to switch the signs in the feedback loop before the controller, then
the dampers work in an opposite way, and will have the same problem just inversed. This is not a problem
for the heater. The only problem with the heater is when the air is needed to be cooled down, the only way to
do so, is to close the heater completely and wait for the temperature decrease.
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9.3.4.5 Different flow rates

3 3
Most of the test throughout the testing phase, the mass flow is either set to maximum value (GmT) or 4% as
this speed is not limited by any damper openings.

To see what happens to the temperature- and RH control at different flow rates, three different flow rates are

applied. The applied flow rates are 3%3,4"173and Sm{. The flow rates below 3%3 are not applied when

heating is needed, as the heater only turns fully on when the fan provides above 2.5“%3 - 3%3.

The test results are depicted in Figure 128.

Temperature | Door opening Relative humdity] Door opening

50 T T T T T

----- Setpoint

LY =——3m’h
4m’h

—sm’h

% I I I I I
0 200 400 600 800 1000 1200

Time [s] Time [s]

Figure 128 a) The temperature for three different flow rates, b) The RH for three different cases.

From the right graph in the above figure, it is possible to see that for all flow rates the RH settles down in

approximately same time. The only one, which do take longer time, is for 4%3 but this is only due to a
different start point, which is further away than the other two start points. If the start point was the same, the
settling time can be assumed to approximately the same. The reason why not all three tests are started at
exact same point is that the conditions of the room at exact that moment dictates the condition for the initial
condition of the air inside the setup. One could try to open window or heat up the air, but again it is very
difficult with the conditions provided.

As for the RH, it is possible to see that the temperature settles with at approximately same time, disregarding
the flow rates. As the difference in start point makes no difference for the temperature, it means that the RH
is more strongly depends on the flow rate.

The goal for the design and testing of these controllers was to compare them with the MPC controllers. Due
to limited license this was not possible.
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10. Conclusions and further investigation

The single zone model is extended, in terms of a new multi zone concept. The heating coil, cooling coil and
humidifier are investigated and implemented in the overall multi zone HVAC model.

Starting with the modelling of the HVAC system and its further implementations, the specification of the fan
selection is account in this model, in terms of selecting a realistic fan for this model to provide the necessary
flow in the zones. Additionally, inlet dampers are selected for the purpose of this work to achieve a more
accurate model of the pressure loss, meaning of adding realistic resistance throughout the duct.

A linear multi zone model is implemented in order to later formulate and apply a model predictive controller.
Furthermore, a non-linear model is implemented and the result of linearizing the it had some costs in terms
of the specific humidity, as when changes in inputs occurred the changes in the linear model was not as large
as in the non-linear.

Several PI controllers were integrated in the non-linear model in order to control various actuators such as
dampers, radiators etc. The performance of the Pl-controllers was tested against multiple setpoint changes
both inside the zones and in the mixing box. Furthermore, the underdamped responses for almost every
output of the non linear model was achieved. The problem with the Pl-controller is that it do not handle the
constraints of the actuators in terms of both operating range and rate. To avoid this a more advanced
controller is developed in order to improve the operation of the non-linear model, in terms of both settling
time and hen disturbances occur, if possible.

The MPC is implemented both for a winter and a summer case in order investigate the performance at two
different operating conditions. Moreover, it is designed based on the linear model and it is obvious when the
controller is implemented to the non-linear model some deviation occurs when the non-linear model moves
away from the linearizing point, especially the humidity. The deviations that occur in the specific humidity
are due to the linear approach is not as accurate for the specific humidity as for the temperature and pressure.
Additionally, when moving away from the linearization point the MPC becomes less accurate. Therefore as
mentioned an adaptive MPC could had been developed to account for the changes in variable in the non-
linear model, but this was too computational heavy and therefore not implemented into the model.

To see further which control strategy is most robust to a disturbance, a simulation of a door opening to the
outside is applied. It is obvious for the temperature and specific humidity changes the MPC has the most
robust reaction. On the other hand, the pressurization in the zones is maintained above ambient pressure for
both controllers.

Finally, the PI control strategy was tested in a small ventilation setup, where an interface was constructed. In
addition, several tests for the open loop performance of the set up were conducted in order to validate the
new developed model for the humidity. Due to some unfortunate problems with the tests, this was not
accomplished.

Keeping in mind that the HVAC systems are vital and crucial set of systems for the industrial section, there
will always be a need for improvements in both software and its hardware. In our pointer view further
investigation in the HVAC systems could be a more accurate extended model in terms of simulating pressure
distribution in the entire ducting system. Another issue to be solved in a further study case could be the affect
of the wind direction and speed on the pressure relief dampers in the zones.
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Appendix 1. Fan Specifications
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:systemair

KBR 355D2 |[E2 THERMO FAN ecumenige:  Progucteara

Cocument date:  2015-D4-05
Iltem no. 33560 Generaled by. Sysiemalr Oniine Catalogus

Description

High efficient motor 1E2

Speed-controllable via frequency converter
Integral cold conductor (FTC)

Standard motor outside the air stream

bax temperature of transported air up to 120°C
Low sound level

Easy to maintain and reliable

The KBR fans size 35502 are equipped with high efficient IE2 motors. The KBR fans have
impellers manufactured from aluminum with backward-curved blades. The KBR casing is
manufactured from double skinmed galvanized sheet steel and is insulated with 50 mm mineral
wool.

The KBR fans have a swing-out door for easy inspection and service. The direction of the door -«
opening can easily be changed from left to right at site. The fan is isolated from the casing via
connectors and anti-vibration dampers are incorperated into the base frame.

Motor protection is done by cold conductors (PTC). which have to be connected to an extermal
motor protection device.
Please note: Speed contrell by voltage, i.e. voltage transformers, is not possible!

In accordance with Commission Regulation (EC) no §40/2009 of the European Parliament - eco-design requirements for electric motors - the new
international efficiency classes are binding as of 16 June 2011. These guidelines defined by CEMEP and EPACT are regarded as intemational
standard for enengy-saving high-efficiency motors for frequencies of 50 or 80 Hz and make the use of |IE2 motors mandatory.

With this new and more efficient technology we offer cur customers many advantages such as environmentally friendly cperation, reduced energy
consumption and hence lower emissions. |E2 motors hawve a higher efficiency even in part load operation and allow optimum adjustment to the
operating point. In addition, the IE2 motors generate less noise and develop less heat, which has a positive influence on the efficiency and the
coaoling requirement of the motor. Please note: |IE2 motors cannot be speed controlled by voltage, ie. voltage transformers.

Technical parameters

Voltage 400 W
Motor circuit connection D
Frequency 50 Hz
FPhases 3 -~
Imput power (F1) 3|70 W
Current 616 A
Starting current 48.8 A
Mazx. airflow 200 mYs
Fan impeller speed 2887 rpm.
Max. temperature of transported air 120 *C
Sound pressure level at 4 m (free field) 53 dB(A)
Sound pressure level at 10 m (free field) 45 dB(A)
Weight 78 kg
Imsulation class, motor F

Enclosure class, motor 54 IP
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2000
g
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o
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=
o
2000 500
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0 [mi=] Q [m3iz]
Hydraulic data
Required point Working point
a Ps Q Ps P n | SFP u
[m¥s] [Pa] [m¥s] [Pa] W] [r.p-m.] [A] [KW/ms] v
Max
' & Fy
- 1.04 1848 3468 2882 5.6 3.32 400
Selection | 1020 1666 (H 1.07 8 15211 3484 2882 564 327 400
Acoustics
Mid-frequency band, Hz
35502 Tot 125 250 500 1k 2k 4k Bk
Lwa Inlet dE(A} ©O4 ©2 91 86 B4 B8O T4 TH
Lwa Cutlet dB{A} 96 94 93 85 36 82 T8 73
LwA Surrcunding dB(A) 78 T4 T2 8B 66 62 56 53

Measuring point: gv = 1,04 m3/s, Ps = 1848Pa




Appendix

Appendix 2. Damper Specifications

Halton UTP dampers are used to balance airflow rates
in high pressure ductwork. Dampers meet international
standards for rectangular and round ducts. In the open
position, the blades face the direction of flow and do
not cause a significant pressure loss. The UTP is used
as a balancing damper in applications where reliability
is important.

* For balancing of air intake and exhaust

* Available as ATEX approved. Shock tested.

* Leakage class of a closed damper according to EN
1751 class 1. Tested size 1000x1000 mm.

* QOuter frame of galvanized, painted or stainless steel.
Blades of galvanized or stainless steel with double
sheet construction. Maintenance-free stainless steel
bearings and shafts.

e Electrical, pneumatic or manual operation system
available

* UTP dampers can be supplied with connection
pieces for round duct

e Maximum duct pressure for damper construction
5000 Pa and maximum air velocity 15 m/s. In case of
high duct pressure, contact Halton Marine for finding
the most suitable solution.

PART MATERIAL FINISHING

Frame Carbon steal Painted or galvanised
Frame Stainless steal EN 1.4301 (AISI204), EN 1.4404 [AISI216L), EN 1.4432 [AISI316L)

Blades Steel Galvanized

Blades Stainless steal EN 1.4307 (AISI304), EN 1.4404 (AISI216L), EN 1.4432 (AISI316L)

Maintenance-free bearings

Stainless steel EN 1.4404 (AISI316L) / Option: bronze bearings availabla

Shafts Stainless steel EN 1.4404 {AISI316L)

UTP - Balancing Damper

Halton

MARINE
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UTP DIMENSIONS AND MATERIALTHICKNESS
UTP balancing dampers are manufactured to international

standards for both rectangular fwidth B 100-1200 mm and

height H 100-1600 mm, 1 mm division) and circular ducts
(@2100-1250 mm). Non-standard dimensions available on

request.
Standard flange width 27 mm. Flanges and drilling also
available according to ISC 15138 standards.

Modular construction sizes available up to 2400x3200 mm.

Frame thicknesses from 3 mm to 10 mm. Standard frame
thickness is 3 mm.

Actuator effect on dimensions

ACTUATOR DIMENSIONS
R A
Manual Handle 95 H
Elactrical GGA 326.1E 100 H=300 = 300
H=300 =H
Pneumatic Linear actuator 170 H<500 = 500
PNL 245/300 N H=500 = H
Pnaumatic Pneumatic rotating 170 H<200 = 300
PNR actuator AT100 H=300 =H

The above table contains only some examples of actuators and their
effect on dimensions.

GENERAL UTP DRAWING

210

'y
z

k
ACTUATOR

3
240, ELADES IN OPEN POSITION

UTP CIRCULAR CONNECTIONS

ap

361

UTP CIRCULAR, WITH CONNECTION FLANGES

@0

-

WEIGHTS OF STANDARD HALTON MARINE UTP DAMPERS (KG) without an actuator

WEIGHTS OF STANDARD HALTON MARINE UTP DAMPERS (KG) without an actuator

H / Height B / Width {mm)
mm 100 | 200 | 300 | 400 | 500 600 700 | 800 | 900 | 1000 | 1100 | 1200 |[ D2 @D |Weight
100 [ B 7 B 10 12 13 15 16 17 19 20 mm ko
200 & B ] il 13 14 6 17 E] 71 72 24 100 7
300 2 10 12 i 5 17 E] 71 72 20 76 78 125 2
400 0 2 i 5 iE 70 72 73 75 77 78 Ell 160 ]
500 13 i 17 iE] 77 73 75 78 30 32 kL 3 300 i
500 i5 7 i il 20 76 78 30 EE] 35 37 EE] 250 17
700 7 20 72 75 77 79 32 kL 37 39 12 i 316 i3
800 i3 72 7d 77 73 32 35 37 an i3 [ a8 300 76
300 71 74 77 kD) 33 36 L i i a7 50 53 500 L
1000 23 76 79 32 35 38 ] ai a7 Hi 53 56 530 a4
1100 26 29 32 35 38 a2 a5 a3 51 55 58 51 800 55
1200 77 31 £ 37 a1 [ 23 51 54 58 B1 [ 1000 | 80
1300 30 33 37 ] [E) 8 &l 5% 53 [ 3 ] 1250 | 110
1400 12 35 EL) 13 a7 50 54 58 51 5 2] 73
1500 kL 38 2 75 50 54 58 62 56 70 74 77
1600 £ a0 [ a8 52 56 50 &% 59 73 77 Bl

Examples of actuator w
AT100 as AISIZTE 4.4 kg,

s: UTP-EL GGA 326.1E 2,3 ko, GNA326.1E 1,3 kg, BFZ30 +3.2 ko, BLFZ30 1.7

50 1.7 kg, UTP-PNL Roder +4 kg, UTP-MAN +1 kg. Control enclosure +4 kg.

UTP - Balancing Damper

0, BExMax/Redmax +3.5 kg, CSOF +3 kg, UTP-PNR AT100 +2.1 kg,
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Appendix 3. Parameter Estimation

$% 2015 Scriptf : PARAMETER ESTIMATION - Multizone

Cc=0.61;

T z1=294.15;
T z2=295.15;
T z3=292.15;
T atm=281.55;
T out=290.15;

P z1=100025;
P z2=100050;
P z3=100025;
P atm=le5;

\rho out=P_atm/(R-T out);

g _inz1=0.455;
g_1inz2=0.3981;
g_inz3=0.1517;
g _inztot=q inzl+qg inz2+q inz3;

A 0inz1=0.0149;
A 0inz2=0.0134;
A 0inz3= 0.0051;

K A0inl1=2600.1-A 0inzl1"2-841.9-A 0inzl+67.5;

K A0in2=2600.1+A 0inz272-841.9-A 0inz2+67.5;

K A0in3=2600.1+A 0inz372-841.9-A 0inz3+67.5;

Dp 11=((f-L 1/D)- (g inztot/A 1in)"2/2)+((1.6+K AOinl) - (g _inztot/A 1in)"2)/2;
Dp 12=((f-L_2/D)-((g _inztot-

g inzl)/A 1in)"~2/2)+(((1.6+K AOinl+1)+K AO0in2) - ((g_inztot-gq inzl) /A 1in)"2)/2;
Dp 13=((f-L 3/D)-((g_inztot-g inzl-

g inz2)/A 1in)"2/2)+(((1.6+4K AOinl+1)+K AO0in2+K A0in3) : ((g inztot-g inzl-

g inz2)/A 1in)"2)/2;

P in=1660+1e5;

P inl=P in-Dp 11;
P in2=P in-Dp 11-Dp 12;
P in3=P in-Dp 11-Dp 12-Dp 13;

\rho inzl=P inl/(R-T _in);

\rho inz2=P in2/(R-T_in);

\rho inz3=P in3/(R-T in);
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\rho z1=P z1/(R-T_zl);
\rho z2=P z2/(R-T_z2);
\rho z3=P z3/(R-T_z3);

V_z1=273;
V_z2=238.38;
V_z3=91;

syms A Oinzl A O0inz2 A 0inz3 A Outzl A Outz2 A Outz3

A_Oinzl=double(solve(q_inzl == A Oinzl-Cc- (sqgrt(2/\rho_inzl-(P_inl-
P z1)))/(sgrt(l-(\rho zl-Cc- A_Oinzl/(\rho_inzl-A_lin)))),A_Oinzl));
A QOinz2= double(solve(q inz2 == A 0inz2-:Cc- (sqrt(2/\rho_inz2: (P_in2-
P z2)))/(sgrt(l-(\rho z2:Cc+A 0inz2/(\rho inz2-A 1in)))),A 0inz2));
A_Olnz3=double(solve(q_1nz3 == A 0inz3-Cc- (sqrt(2/\rho_inz3- (P _in3-
P z3)))/ (sqgrt(l-(\rho z3:Cc-A 0inz3/(\rho inz3-:A 1in)))),A 0inz3));

m dotInzl=\rho inzl-g inzl;
m dotInz2=\rho inz2-gq inz2;
m dotInz3=\rho inz3-q inz3;

m_dotOutzl=m dotInzl;
m_dotOutz2=m dotInz2;
m_dotOutz3=m dotInz3;

m zl=\rho zl1-V zl;
m z2=\rho z2:V z2;
m_z3=\rho z3-V z3;

\rho atm=P atm/(R-T_atm);

A Outzl=double (solve (m dotOutzl=

P atm/(m_z1/V _z1))))/ (sqrt(1l-

(\rho out-Cc-A Outzl/(m z1/V _zl-A 1lin))
A Outz2=double (solve (m_dotOutz2=

P atm/(m_z2/V _z2))))/(sqrt(l-

=m z1/V_z1l-A Outzl-:Cc:- (sqrt(2:-(R-T_zl-

~2)),A Outzl));
=m z2/V_z2-A Outz2-Cc-: (sqrt(2:-(R*T z2-

(\rho_out-Cc+A Outz2/(m_z2/V_z2-A 1in))"2)),A Outz2));

A Outz3=double (solve (m_dotOutz3==

P atm/(m _z3/V_z3))))/ (sqrt(1l-

(\rho out-Cc-A Outz3/(m_z3/V_z3-A 1lin))

g Outzl=m dotOutzl/(m z1/V zl);
g Outz2=m dotOutz2/(m_z2/V_z2)
g Outz3=m dotOutz3/(m z3/V_z3)

Cp=1.06;

m z3/V_z3+-A Outz3-Cc- (sqrt(2: (R*T z3-

~2)),A Outz3));

Cd Inzl=Cc/sqrt (1 ((\rho z1-Cc+A 0inzl)/\rho inzl));

Cd Inz2=Cc/sqrt (1
Cd Inz3=Cc/sqrt (1

Cd _Outzl=Cc/sqrt (1
Cd Outz2=Cc/sqrt (1
Cd Outz3=Cc/sqrt (1

Q dotInzl=Cp-\rho inzl-Cd Inzl-A Oinzl-sqgrt(2-((P_in-P_z1l)/\rho inzl)) - (T_in-

T z1);

(\rho_z2-Cc-A 0inz2)/\rho_inz2));
\rho z3-Cc+A 0inz3) /\rho inz3));

(\rho_atm-Cc-A Outzl)/\rho zl));
\rho atm-Cc-A Outz2)/\rho z2));
\rho atm-Cc-A Outz3)/\rho z3));
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Q_dotIn22=Cp~\rho_in22-Cd_InzZ-A_OinzZ-sqrt(Z-
T z2);

Q dotInz3=Cp-\rho inz3:Cd Inz3+A 0inz3-sqrt(2-
T z3);

Q dotOutzl=Cp-\rho zl:Cd Outzl-A Outzl-sqrt(2-
T out);

Q dotOutz2=Cp-:\rho z2-:Cd Outz2-A Outz2-sqgrt(2-
T out);

Q dotOutz3=Cp-:\rho z3:Cd Outz3-A Outz3-sqgrt(2-
T out);

U=0.5;

\rho Steel=7.8;

V wall=0.4-3.5-6.5;

m wall=V _wall-\rho Steel;

C _pSteel=0.452;

A wallzl=(12.5-3.5-2+6.5-3.5+12.5-6.5);

A wallz2=(10.5-3.5-2+10.5-6.5);

A wallz3=(4:3.5-246.5:3.5+4:6.5);

A 12=6.5-3.5;

Q wallzl=U-A wallzl- ((T_atm+T zl)/2 T z1);

Q wallz2=U-A wallz2- ((T_atm+T 22)/2 T z2);

Q wallz3=U-A wallz3- ((T_atm+T 23)/2 T z3);

Q wl2=U-A 12-(T _z2-(T_z2+T _z1)/2);

Q w23=U-A 12-(T _z2-(T_z2+4T _z3)/2);

H rh=1;

g=9.81;

T rad=295.15;

c=0.59;

n=1/4;

v_k=1.5647e-5;
a=2.2142e-5;

T f=(T rad+T zl)/2;
beta ra=1/T f;
K air=0.0261;
Ra=(g-beta ra- (H rh"3)
Nu=c-Ra”"n;

h dash=Nu-K air/H rh;
syms A radzl A radz2 A radz3
Q radzl=abs (Q wallzl);

Q radz2=abs (Q wallz2);

Q radz3=abs(Q wallz3);

A radzl=double (solve (Q radzl==
A radz2=double (solve (Q radz2==
==h dash-A radz3-

A radz3=double (solve (Q radz

syms T radl T rad2 T rad3

h dash-

(T _rad-T z1))/(v_k-a);

A radzl-

(T _rad-T zl),A radzl));

((P_in-P_z2)/\rho_inz2)) -

((P_in-P_z3)/\rho inz3)) -

((P_z1-P_atm)/\rho_z1)) -
((P_z2-P_atm)/\rho z2)) -

((P_z3-P_atm)/\rho z3)) -

h dash-A radz2-

(T_rad-T_z2)
(T_rad-T_z3)

;A radz2));
;A radz3));

T radl=solve (-

T rad2=solve (-

(Q_dotInzl-Q dotOutzl+(Q radzl-

(T _in-

(T _in-

(T _zl-
(T z2-

(T z3-

(Q wl2+2))+Q wallzl+Q wl2)==h dash-10-(T radl-T zl),T radl);
(Q dotInz2-Q dotOutz2+(Q radz2-
5))+Q wallz2+Q wl2+Q w23)==h dash-10- (T rad2-T z2),T rad2);

(Q wl2+Q w23+
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T rad3=solve(-(Q dotInz3-Q dotOutz3+(Q radz3-
(Q w23+2))+Q wallz3+Q w23)==h dash-10- (T rad3-T z3),T rad3);

beta=0.5;
m dotr=beta- (m dotOutzl+m dotOutz2+m dotOutz3);
Tmix=15+273.15;

syms m_dotos
m_dotos=double (solve (Tmix==(m dotr-T out+m dotos-T atm)/(m dotr+m dotos),m dot
0s));

m dotmix=m dotr+m dotos;

Tcc=Tmix;

m_dotw=8.02e-5-998;

Tw_out=283.15;

Cow=4.18;

syms Tw_in

Tw_in=double (solve (T in==Tcc+m dotw-Cpw- (Tw_in-Tw_out),Tw_in));

%% Humidity

% Zone specifications:
Phi z1=0.476;

Phi z2=0.45;

Phi z3=0.538;

P wsz1=610.78-exp ((((T_2z1-273.15)/ ((T_2z1-273.15)+238.3)-17.2694)));
P wsz2=610.78-exp ((((T_22-273.15)/ ((T_z2-273.15)+238.3) +17.2694))) ;
P_wsz3=610.78-exp ((((T_z3-273.15)/ ((T_z3-273.15)+238.3) -17.2694)));

w z1=0.622.-Phi z1.-P wszl./(P_zl1-Phi zl.:P wszl);

w z2=0.622.+Phi z1.:P wszl./(P_z1-Phi zl.-P wszl);

w z3=0.622.:Phi z1.:P wszl./(P_z1-Phi zl.-P wszl);

% Outlet/Return Parameters:

Phi out=0.40;

P wsOUT=610.78-exp ((((T_out-273.15)/((T_out-273.15)+238.3)-17.2694)));
w_out=0.622.-Phi out.:-P wsOUT./(P_atm-Phi out.-P_wsOUT);

% Mixing Box:

w mix INITIAL=0.004;

Phi o0s=0.84;

P ws0S=610.78exp ((((T_atm-273.15)/((T_atm-273.15)+238.3) +17.2694)));
w_0s=0.622.:Phi os.:P wsOS./(P_atm-Phi os.:P wsO0S);

w_r=w_out;

T r=T out;

P wsMIX=610.78-exp ((((Tmix-273.15)/((Tmix-273.15)+238.3)-17.2694)));
w mix=(m dotr-w r+m dotos:w os)/(m dotr+m dotos);

Phi mix=w mix:P atm/((0.622+w mix) +P_ wsMIX);

% In this case no dehumidification and cooling

Phi cc=Phi mix;

P wscc=610.78-exp ((((Tcc-273.15)/((Tcc-273.15)+238.3)-17.2694)));
w_cc=0.622.-Phi cc.-P _wscc./(P_atm-Phi cc.-P_wscc);

m wout=(w _mix-w_cc) -m _dotmix;

Tw incc=Tmix;
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Tw_outcc=Tw_incc;

w_in=2-w _zl-w out; % Inlet humidity, might need to be
higher
% temperature dependent.
P wsh=610.78-exp ((((T_in-273.15)/((T_in-273.15)+238.3)-17.2694)));
m win=(w_in-w_cc) -m_dotmix; What we want to control
Phi h=w in-P_atm/((0.622+w_in) -P_wsh);

oo

[

% masses
\rho mix=P atm/(R-(Tmix));
\rho cc=P_atm/ (R- (Tcc));
\rho h=P atm/(R-(T_in));

m_h=\rho h-V h;
m _cc=\rho h-V cc;
m mix=\rho mix-V mix;
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Appendix 4. System curve

% clear all; close all; clc;
%% New System curve

o)

% Zone data:
V1=273;
V2=238.38;
v3=91;

gql=0.455;
g2=0.3981;
g3=0.1517;
gtot=ql+g2+g3;
D=0.6;
epsilon=0.015e-3;
r=D/2;

A=pi-r"2;
v=qtot/A;
mu=1.8e-5;

\rho in=1.2;
Re=\rho in-v-:D/mu;

K 1=177.2;
syms f

f=double (solve (1/sqgrt (f)==-2-10gl0(((epsilon/D)/3.7)+(2.51)/ (Re-sqrt(f))),f));
L tot=37.5;

g=9.82;

syms g
P dyn=((f-L tot/D)- ((\rho in- (g./A)."2)/2)+K L-(qg./A)."2/(2-g9)) \rho_in-g;
P static=(P_z-P _atm)+(H 2-H 1) -\rho in-g;

P L=P static+P dyn;

oe

% Plot

g=linspace(0,2);

% A=0.0707-0.5;

plot (g, subs ((P_L(:))))

hold on

legend ('60% Open','70% Open', '80% Open', '90% Open', '100% Open')
grid on

ylabel ('P 1 [Pal')

xlabel ('qg {tot} [m"3/s]")

title('System curve')
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Appendix 5. Fan curve

% clear all; clc; close all;

%% Least Squares for 50 Hz.
£f1=50;

Pt1=[2413 2200 1838 1537 988]"';
gqvl=[0.34 0.68 1.04 1.27 1.60]1";

Y=Ptl;
Psi=[qvl.”2 gvl [1;1;1;1;111;

Thetal=inv(Psi'-Psi) -Psi'-Y;

%% Least Squares for 55 Hz.

% Affinity law, same Diameter, differen frequency.
£2=55;

qv2=qvl-f2/f1;

Pt2=Ptl- (£2/£f1)"2;

Y2=Pt2;
Psi2=[qv2.%2 gqv2 [1;1;1;1;1]1];

Theta2=inv (Psi2'-Psi2) -Psi2'-Y2;

%% Least Squares for 60 Hz.

% Affinity law, same Diameter, differen frequency.
£3=60;

qv3=qv2-£3/£2;

Pt3=Pt2- (£3/£2)"2;

Y3=Pt3;
Psi3=[qv3."2 gqv3 [1;1;1;1;1]1]1;

Theta3=inv (Psi3'-Psi3) -Psi3'-Y3;

%% Least Squares for 45 Hz.

% Affinity law, same Diameter, differen frequency.
f4=45;

qvi=qvl-f4/f1;

Pt4=Ptl- (f4/£f1)"2;

Y4=pPt4;
Psid=[qv4.”2 qv4 [1;1;1;1;111];

Thetad=inv (Psid'-Psid) -Psid'-Y4;
%% System curve

run ('PArameterEStimation.m")
\rho in=1.244;

g=9.81;

P hyd=P z-P atm+2-\rho in-g;

% Make looop
Pt=750;
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%% Plots

o

For different Damper openings:

A 0in=[0.00947 0.0165 0.02525 0.0353 0.05239 0.07069]";
run ('Multi Zone systemcurve.m')

% figure (2)

% subplot(1l,2,1)

gv=linspace (0,2);

o

Ptl=Thetal (1) -gv.”"2+Thetal (2) -gv+Thetal (3) ; % Plot different fan
curves

Pt2=Theta2 (1) rgv."2+Theta2 (2) -gv+Theta2 (3) ;

Pt3=Theta3 (1) rgv."2+Theta3 (2) -gv+Theta3 (3) ;

Pt4=Theta4 (1) -gqv.”"2+Thetad (2) -gv+Theta4 (3) ;

PtSys=P hyd+K L-qv.”2-\rho in-g; % Plots the system
curve

hold on

plot(gv,Pt4,'m',qv,Ptl, 'k',qv,Pt2,'r',qv,Pt3,'g")%,g,subs((P L(:))))%,gqv,doubl

e (subs (PtSys(1l,:))),'k")

legend ('60% Open', '70% Open', '80% Open', '90% Open', '100% Open')

grid on

title('System & Fan curves')

axis ([0 2 0 40001])

ylabel ('P_t [Pa]')

xlabel('qg v [m"3/s]")

legend ('System curve', '@45Hz', '@50Hz"', '@55Hz"', '@60Hz")

hold on

plot (0.9495,1455, 'mo',1.071,1825, '"bo',1.172,2167, 'r0o',1.293,2619, 'go")
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Appendix 6. State space — Linearizer

o\°

% symbols
clear all
yms P_in \rho inzl \rho inz2 \rho inz3 A 0inzl A 0inz2 A 0inz3 P _inl P in2
~in3
P z1 P z2 P _z3...
m z1l T z1 A OQutzl V. .zl m z2 T z2 A Outz2 RV z2 m z3 T z3 A Qutz3 V_z3
P atm Q radzl Q radz2 Q radz3...
Cc A 1lin h A rad T rad T atm Q wallzl Q wallz2 Q wallz3 C air T in Cp visc
beta mu k g D a Cd Outzl Cd Outz2 Cd Outz3 A 12
k wall A wall L wall m wout beta Cp T out Tmix m dotos Cp U A T os Tmix
m mix m cc m_h C pSteel m wall.
T outcc T incc Cpw m win Tcc m_ dOtle T hc T inhc T outhc T wl2 T w23 A r
h dashl h dash2 h dash3 T radl T rad2 T rad3.
w_out w_mix m_dotos w_0os w _mix w_cc m_dotwcc m_dotOUTzl m_dotOUTz2
m dotOUTz3 w in m h m win w_z1 w z2 w_z3 m dotout m_z.
T £3 T rad beta ra3 Ra 3 H rh v k acn h dash3 Nu 3 K air.
T f2 beta ra? Ra 2 Nu_ 2 h dash2 Nu 2 T z1 T 2z2 T z3
T f1l beta ral Ra_ 1 Nu 1 h dashl \rho z1 \rho z2 \rho z3 \rho out
\rho atm.
Phl zl P wszl P_zl Phi z2 Phi z2 P wsz2 P z2 Phi z3 Phi z3 P wsz3 P _z3
Phl z3 w zl w_ 72 w_z3 m_ dotwMAX OpenlngCC OpenlngHC dT hc dT cc;

o

eI 0)]

%% Ideal gas law

P zl=(m z1/V_zl)-R-T_zl; % Zone 1.
P z2=(m_z2/V_z2)-R-T_z2; % Zone 2.
P z3=(m_ z3/V z3) *R-T_z3; % Zone 3

%% Mass balance

% Zone 1.

Cd Outzl=Cc/sqgrt (1-((\rho atm-Cc-A Outzl)/((m_z1l/V_zl)-A 1lin))"2);

Cd Outz2=Cc/sqrt (1 \rho atm-Cc- A Outz2)/((m _z2/V_z2)-A 1in))"2);

Cd Outz3=Cc/sqgrt (1 ((\rho atm-Cc-A Outz3)/((m _z3/V_z3)-+A 1in))"2);

C dzl=Cc/sqrt(1-(((m _z1/V_zl)-Cc-A 0inzl)/(\rho inzl-A 1in))"2);

m dotOUTzl=m z1/V zl-A Outzl-Cc: (sqrt(2:-(R*T _zl-P atm/(m z1/V zl))))/(sqrt(l-

(\rho_out-Cc-A Outzl/(m z1/V_zl-A 1in))"2));

m dotINzl=\rho inzl-A 0Oinzl-Cc- (sqrt(2/\rho_inzl: (P_inl-P zl)))/ (sqrt(1l-
(\rho_z1-Cc-A 0inzl/(\rho inzl-A 1in))"2));

m dotzl= m dotINzl-m dotOUTzl;

% Zone 1.
C dz2=Cc/sqrt(1-(((m_z2/V_z2)-Cc-A 0inz2)/(\rho inz2+-A 1in))"2);
m dotOUTz2=m z2/V_z2-A Outz2-Cc: (sqrt(2:-(R*T_z2-P atm/(m z2/V z2))))/(sqrt(l-

(\rho out-Cc-A Outz2/(m z2/V_z2+-A 1in))"2));

m _dotINz2=\rho inz2- A 0inz2-Cc- (sqrt(2/\rho_inz2-(P_in2-P z2)))/(sqrt(1-
(\rho_z2-Cc-A 0inz2/ ( \rho inz2-A 1in))"2));

m dotz2= m_dotINzZ—m_dotOUTzZ

% Zone 1.
C dz3=Cc/sqrt (1-(((m_z3/V_z3)-Cc-A 0inz3)/(\rho inz3+A 1in))"2);
m dotOUTz3=m z3/V_z3-A Outz3-:Cc: (sqrt(2:-(R*T _z3-P atm/(m z3/V z3))))/(sqrt(l-

(\rho out-Cc+A Outz3/(m z3/V z3-A 1in))"2));
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m dotINz3=\rho inz3-A 0inz3-Cc- (sqrt(2/\rho inz3: (P in3-P_z3)))/(sqrt (1-
(\rho_z3:Cc+A 0inz3/(\rho inz3-A 1in)"2)));

m _dotz3= m dotINz3-m dotOUTz3;

%% Zone wall losses

Q walll2=A 12-U- (T wl2-T z1)
Q wall2l=A 12-U-(T wl2-T z2);
Q wall23=A 12-U- (T w23-T z2);
Q wall32=A 12-U- (T _w23-T_z3)

I

’

Q radvl=10-h dashl- (T _radl+0.5-T zl);
Q radv2=10-h dash2- (T _rad2-T_z2);
Q radv3=10-h dash3- (T rad3+0.3-T z3);

oe

% Temperature

T dotzl=((C_air-\rho inzl-C dzl-A Oinzl-sqgrt(2-:(P_inl-P_z1)/\rho inzl) - (T _in-
T z1))-(C air-(m z1/V_zl)-A Outzl-Cd Outzl-sqrt(2-(R-T_zl-

P atm/(m_z1/V _zl1))) (T _z1-T out))+Q walll2+Q radvl)/(C air-m zl)+((Q radzl-
5)+Q wallzl)/ (Cp*m_=zl);

T dotz2=((C_air-\rho inz2:C dz2+A 0inz2-sqrt(2:(P_in2-P z2)/\rho inz2) - (T _in-
T z2))-(C air-(m z2/V_z2)-A Outz2-Cd Outz2-sqrt(2-(R-T_z2-

P atm/(m_z2/V_z2))) (T _z2-
T_out))+Q_wa1121+Q_wa1123+Q_radv2)/(C_air-m_z2)+((Q_radz2—

22.77)+Q wallz2)/(Cp'm_z2);

T dotz3=((C_air-\rho inz3:C dz3+A 0inz3-sqrt(2:(P_in3-P z3)/\rho inz3) - (T _in-
T z3))-(C air-(m z3/V_z3)-A Outz3-Cd Outz3-sqrt(2-(R-T_z3-

P atm/(m_z3/V_z3))) (T _z3-T out))+Q wall32+Q radv3)/(C air-m z3)+(((Q radz3-
27))+Q wallz3)/ (Cpm _z3);

%% Extended Energy model
m_dotOUTtot=m dotOUTzl+m dotOUTz2+m dotOUTz3;

T dotMIX=(m_ dotOUTtot-beta:Cp- (T out-Tmix)+m dotos:Cp- (T _os-Tmix))/(m mix);
T dotCC=(m dotmix:Cp* (Tmix-Tcc)-m dotwMAX: OpeningCC:Cpw-dT cc)/ (m_cc);
T dotIN=(m dotmix:Cp* (Tcc-T in)-m dotwMAX: OpeningHC:Cpw-dT hc)/(m _h);

%% Extended Humidity model

w_dotzlz(m_dotINzl-(w_in—w_zl)—m_dotOUTzl-(w_zl—w_out))/m_zl; % Zone 1
w_dotz2=(m dotINz2: (w_in-w_z2)-m dotOUTz2-: (w_z2-w_out))/m z2; % Zone 2.
w_dotz3=(m dotINz3: (w_in-w_z3)-m dotOUTz3-: (w_z3-w_out))/m z3; % Zone 3

w_dotmix=(m dotOUTtot-beta: (w _out-w mix)+m dotos-:(w _os-w mix))/(m mix);
w_dotcc=(m dotmix- (w mix-w cc)-m wout)/(m cc);
w_dotin=(m dotmix- (w_cc-w_in)+m win)/(m_h); Swm-wmis

T dotwl2=(U-A 12-(T_zl-T wl2)-U-A 12-(T wl2-T z2

T dotw23=(U-A 12-(T_z3-T w23)-U-A 12-(T w23-T z2

))/(C_pSteel-m wall);
))/(C_pSteel-m wall);
%% Output function

hl=(m z1/V_zl)-R-T_zl;

h2=(m z2/V_z2) -R-T z2;

h3=(m z3/V_z3)R-T z3;
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%% Linearization

Inputs=[A 0inzl A 0inz2 A 0inz3 OpeningHC m win T radl T rad2 T rad3];
States=[Tmix, Tcc, T in, w mix, w cc, w in, m z1, T zl, w zl, m z2, T z2,
w z2, m z3, T z3, w z3 T wl2 T w23];

Outputs=[T z1 w z1 P z1 T z2 w 22 P z2 T z3 w _z3 P z3 T in];

; x3=States(3); x4=States(4); x5=States(5);
x8=States (8); x9=States(9);

1); x12=States(12); x13=States(13);

5); x16=States(16); x17=States(17);

x1=States (l); x2=States(2)
x6=States (6); x7=States(7);
x10=States (10); xl1ll=States (1
x1l4=States (14); x15=States(l
ul=Inputs (1l); u2=Inputs(2); u3=Inputs(3); ud=Inputs (4); uS=Inputs(5);
u6=Inputs (6); u7=Inputs(7); u8=Inputs(8);

[olge)

%% State space

Alin=[ diff (T _dotMIX,x1l) diff (T dotMIX,x2) diff (T dotMIX, x3)
diff (T dotMIX,x4) diff (T dotMIX, x5) diff (T dotMIX,x6) diff (T dotMIX,x7)
diff (T _dotMIX, x8) diff (T _dotMIX,x9) diff (T _dotMIX,x10) diff (T dotMIX,x11l)
diff (T _dotMIX,x12) diff (T _dotMIX,x13) diff(T dotMIX,x14) diff (T dotMIX,x15)
diff (T _dotMIX,x16) diff (T _dotMIX,x17)

diff (T dotCC,x1) diff (T _dotCC,x2) diff (T dotCC,x3) diff(T dotCC,x4)
diff (T dotCC,x5) diff(T dotCC,x6) diff(T dotCC,x7) diff(T _dotCC,x8)
diff (T _dotCC,x9) diff (T _dotCC,x10) diff (T dotCC,x11l) diff (T _dotCC,x12)
diff (T _dotCC,x13) diff(T dotCC,x14) diff(T dotCC,x15) diff(T_dotCC,x16)
diff (T_dotCC,x17)

diff (T dotIN,x1) diff (T dotIN,x2) diff(T dotIN,x3) diff(T dotIN,x4)
diff (T dotIN,x5) diff(T dotIN,x6) diff(T dotIN,x7) diff (T dotIN,x8)
diff (T _dotIN,x9) diff(T dotIN,x10) diff (T dotIN,x11l) diff (T _dotIN,x12)
diff (T dotIN,x13) diff(T dotIN,x14) diff(T dotIN,x15) diff(T dotIN,x16)
diff (T _dotIN,x17)

diff (w dotmix,x1l) diff(w dotmix,x2) diff(w_dotmix, x3) diff (w_dotmix, x4)
diff (w_dotmix, x5) diff (w_dotmix, x6) diff (w_dotmix, x7) diff (w_dotmix, x8)
diff (w_dotmix, x9) diff(w _dotmix,x10) diff(w dotmix,x11l) diff(w dotmix,x12)
diff(w _dotmix, x13) diff(w dotmix, x14) diff(w _dotmix, x15) diff(w _dotmix, x16)
diff(w _dotmix, x17)

diff (w _dotcc,x1) diff(w dotcc,x2) diff(w _dotcc,x3) diff(w _dotcc,x4)
diff (w _dotcc,x5) diff(w _dotcc,x6) diff(w dotcc,x7) diff(w _dotcc,x8)
diff(w dotcc,x9) diff(w dotcc,x10) diff(w dotcc,x11l) diff(w_dotcc,x12)
diff (w_dotcc,x13) diff (w_dotcc,x14) diff (w_dotcc,x15) diff (w_dotcc,x16)
diff (w_dotcc,x17)

diff(w _dotin,x1l) diff(w dotin,x2) diff(w dotin,x3) diff(w _dotin,x4)
diff(w dotin,x5) diff(w dotin,x6) diff(w dotin,x7) diff(w dotin,x8)
diff(w _dotin,x9) diff(w dotin,x10) diff(w dotin,x11l) diff(w dotin,x12)
diff (w_dotin,x13) diff (w_dotin,x14) diff (w_dotin,x15) diff (w_dotin,x16)
diff(w_dotin,x17)

diff(m dotzl,x1l) diff(m dotzl,x2) diff(m dotzl,x3) diff(m dotzl,x4)
diff(m dotzl,x5) diff(m dotzl,x6) diff(m dotzl,x7) diff(m dotzl, x8)
diff (m dotzl,x9) diff(m dotzl,x10) diff(m dotzl,x1l) diff(m dotzl,x12)
diff (m dotzl,x13) diff (m dotzl,x14) diff (m dotzl,x15) diff (m dotzl,x16)
diff (m dotzl,x17)

diff (T dotzl,xl) diff (T dotzl,x2) diff(T dotzl,x3) diff(T dotzl,x4)
diff (T dotzl,x5) diff(T dotzl,x6) diff(T dotzl,x7) diff(T dotzl,x8)
diff (T dotzl,x9) diff(T dotzl,x10) diff (T dotzl,x1l) diff (T dotzl,x12)
diff (T dotzl,x13) diff(T dotzl,x14) diff(T dotzl,x15) diff(T dotzl,x16)
diff (T dotzl,x17)

diff(w _dotzl,x1) diff(w _dotzl,x2) diff(w _dotzl,x3) diff(w_dotzl,x4)
diff(w dotzl, x5) diff(w dotzl, x6) diff(w dotzl,x7) diff(w dotzl, x8)
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diff(w dotzl,x9) diff(w dotzl,x10) diff(w dotzl,x11l) diff(w_dotzl,x12)
diff (w dotzl,x13) diff (w dotzl,x14) diff (w _dotzl,x15) diff (w dotzl,x16)
diff(w_dotzl,x17)

diff (m dotz2,x1) diff(m dotz2,x2) diff(m dotz2,x3) diff(m dotz2,x4)
diff (m dotz2,x5) diff (m dotz2,x6) diff (m dotz2,x7) diff (m dotz2,x8)
diff (m dotz2,x9) diff(m dotz2,x10) diff(m dotz2,x11) diff (m dotz2,x12)
diff (m dotz2,x13) diff (m dotz2,x14) diff (m dotz2,x15) diff (m dotz2,x16)
diff (m dotz2,x17)

diff (T dotz2,x1) diff (T dotz2,x2) diff(T dotz2,x3) diff(T dotz2,x4)
diff (T dotz2,x5) diff (T dotz2, x6) diff (T dotz2,x7) diff (T dotz2, x8)
diff (T dotz2,x9) diff(T dotz2,x10) diff(T dotz2,x11) diff (T dotz2,x12)
diff (T dotz2,x13) diff (T dotz2,x14) diff (T dotz2,x15) diff (T dotz2,x16)
diff (T _dotz2,x17)

diff(w _dotz2,x1) diff(w _dotz2,x2) diff(w _dotz2,x3) diff(w_dotz2,x4)
diff (w_dotz2,x5) diff (w_dotz2,x6) diff(w_dotz2,x7) diff(w_dotz2,x8)
diff(w dotz2,x9) diff(w dotz2,x10) diff(w dotz2,x11) diff(w_dotz2,x12)
diff (w _dotz2,x13) diff (w _dotz2,x14) diff (w _dotz2,x15) diff (w _dotz2,x16)
diff(w _dotz2,x17)

diff (m dotz3,x1) diff(m dotz3,x2) diff(m dotz3,x3) diff (m dotz3,x4)
diff (m dotz3,x5) diff(m dotz3,x6) diff(m dotz3,x7) diff(m dotz3,x8)
diff (m dotz3,x9) diff(m dotz3,x10) diff(m dotz3,x11) diff (m dotz3,x12)
diff (m dotz3,x13) diff(m dotz3,x14) diff(m dotz3,x15) diff(m dotz3,x16)
diff (m dotz3,x17)

diff (T dotz3,x1) diff (T dotz3,x2) diff(T dotz3,x3) diff(T dotz3,x4)
diff (T dotz3,x5) diff(T dotz3,x6) diff(T dotz3,x7) diff(T dotz3,x8)
diff (T dotz3,x9) diff(T dotz3,x10) diff(T dotz3,x11) diff (T _dotz3,x12)
diff (T dotz3,x13) diff(T dotz3,x14) diff(T dotz3,x15) diff(T dotz3,x16)
diff (T _dotz3,x17)

diff(w dotz3,x1) diff(w dotz3,x2) diff(w dotz3,x3) diff(w _dotz3,x4)
diff (w_dotz3,x5) diff (w_dotz3,x6) diff(w_dotz3,x7) diff (w_dotz3,x8)
diff(w dotz3,x9) diff(w dotz3,x10) diff(w dotz3,x11) diff(w_dotz3,x12)
diff (w_dotz3,x13) diff (w_dotz3,x14) diff (w_dotz3,x15) diff (w_dotz3,x16)
diff(w _dotz3,x17)

diff (T dotwl2,x1) diff(T dotwl2,x2) diff (T dotwl2,x3) diff(T dotwl2,x4)
diff (T dotwl2,x5) diff(T dotwl2,x6) diff(T dotwl2,x7) diff(T dotwl2,x8)
diff (T dotwl2,x9) diff (T dotwl2,x10) diff (T dotwl2,x11l) diff (T dotwl2,x12)
diff (T dotwl2,x13) diff(T dotwl2,x14) diff(T dotwl2,x15) diff(T dotwl2,x16)
diff (T dotwl2, x17)

diff (T dotw23,x1l) diff (T dotw23,x2) diff(T dotw23,x3) diff(T dotw23,x4)
diff (T dotw23,x5) diff(T dotw23,x6) diff(T dotw23,x7) diff (T dotw23,x8)
diff (T dotw23,x9) diff (T dotw23,x10) diff (T dotw23,x11) diff (T dotw23,x12)
diff (T _dotw23,x13) diff(T dotw23,x14) diff(T dotw23,x15) diff(T dotw23,x16)
diff (T dotw23,x17)

]

’

Blin=[diff (T dotMIX,ul) diff(T dotMIX,u2) diff (T dotMIX,u3) diff (T dotMIX, u4)

diff (T _dotMIX,ub5) diff (T dotMIX,u6) diff(T dotMIX,u7) diff (T dotMIX,u8);

diff (T _dotCC,ul) diff (T _dotCC,u2) diff (T _dotCC,u3) diff (T _dotCC,u4)

diff (T _dotCC,ub) diff (T _dotCC,u6) diff (T _dotCC,u7) diff (T _dotCC,u8);

diff (T _dotIN,ul) diff (T _dotIN,u2) diff(T_dotIN,u3) diff (T _dotIN,u4)

diff (T _dotIN,ub) diff(T dotIN,u6) diff (T dotIN,u7) diff (T dotIN,u8);

diff(w _dotmix,ul) diff(w dotmix,u2) diff(w dotmix,u3) diff (w dotmix,u4)

diff (w_dotmix,ub5) diff(w_dotmix,ub) diff (w _dotmix,u7) diff(w_dotmix,u8);

diff (w _dotcc,ul) diff(w _dotcc,u2) diff(w _dotcc,u3) diff (w_dotcc,u4)

diff (w_dotcc,ub) diff(w _dotcc,u6) diff(w _dotcc,u7) diff(w_dotcc,u8);

diff(w _dotin,ul) diff(w dotin,u2) diff(w _dotin,u3) diff(w dotin,u4)

diff (w _dotin,ub) diff(w dotin,u6) diff(w dotin,u7) diff(w dotin,u8);

diff (m dotzl,ul) diff(m dotzl,u2) diff(m dotzl,u3) diff(m dotzl,u4)
( )

diff m_dotzl,u5 diff(m dotzl,u6) diff(m dotzl,u7) diff(m dotzl,u8);
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diff (T dotzl,ul) diff(T dotzl,u2) diff (T dotzl,u3) diff (T dotzl,u4)
diff (T dotzl,ub) diff (T dotzl,u6) diff (T dotzl,u7) diff (T dotzl,us8);
diff (w_dotzl,ul ( ) diff(w_dotzl,ud)

diff (w_dotzl,ub

( )

( )
diff(w _dotzl,u2) diff(w _dotzl,u3
diff(w _dotzl,u6) diff(w _dotzl,u7) diff(w _dotzl,u8);
)

diff
diff
diff

T dotwl2,ub
T dotw23,ul
T dotw23,ub

diff (T dotwl2,u6) diff(T dotwl2,u7) diff (T dotwl2,u8);
diff (T dotw23,u2) diff(T dotw23,u3) diff (T dotw23,ud)
diff (T _dotw23,ub)

( )

( )

( )

( )
diff (m dotz2,ul) diff(m dotz2,uZ2 diff (m dotz2,u3) diff (m dotz2,ud)
diff (m dotz2,ub) diff (m dotz2,u6) diff (m dotz2,u7) diff (m dotz2,u8);
diff (T dotz2,ul) diff (T dotz2,u2) diff (T dotz2,u3) diff (T dotz2,u4)
diff (T _dotz2,ub) diff (T dotz2,u6) diff (T _dotz2,u7) diff (T _dotz2,u8);
diff(w _dotz2,ul) diff(w _dotz2,u2) diff(w _dotz2,u3) diff(w_dotz2,u4d)
diff(w dotz2,ub) diff(w dotz2,u6) diff(w dotz2,u7) diff(w _dotz2,u8);
diff (m dotz3,ul) diff(m dotz3,u2) diff(m dotz3,u3) diff(m dotz3,u4)
diff (m dotz3,ud) diff (m dotz3,u6) diff (m dotz3,u7) diff (m dotz3,u8);
diff (T dotz3,ul) diff (T _dotz3,u2) diff (T _dotz3,u3) diff (T _dotz3,u4)
diff (T _dotz3,ub) diff (T dotz3,u6) diff (T _dotz3,u7) diff (T _dotz3,u8);
diff(w dotz3,ul) diff(w dotz3,u2) diff(w dotz3,u3) diff(w_dotz3,u4)
diff(w dotz3,ub) diff(w dotz3,u6) diff(w dotz3,u7) diff(w_dotz3,u8);
diff (T dotwl2,ul) diff (T dotwl2,u2) diff(T dotwl2,u3) diff (T dotwl2,ud)

(

(

(

)
)
)
) diff (T _dotw23,u7) diff (T _dotw23,u8)];

Clin=[0 00 0000100000000 0;

00000000100000TO0GOQO0;

diff (hl,x1) diff(hl,x2) diff(hl,x3) diff (hl,x4) diff (hl,x5) diff (hl,x6)
diff (hl,x7) diff(hl,x8) diff(hl,x9) diff (hl,x10) diff (hl,x11) diff(hl,x12)
diff (hl,x13) diff (hl,x14) diff(hl,x15) diff (hl,x16) diff (hl,x17);

000000000O01000O0TGOO0;

000000000001000GOQO;

diff (h2,x1) diff(h2,x2) diff(h2,x3) diff (h2,x4) diff (h2,x5) diff (h2,x6)
diff (h2,x7) diff(h2,x8) diff(h2,x9) diff (h2,x10) diff (h2,x11) diff (h2,x12)
diff (h2,x13) diff (h2,x14) diff(h2,x15) diff (h2,x16) diff (h2,x17);

00000000000O0O0T1O0GO0O0;

00000000000O0O0OT1O0O;

diff (h3,x1l) diff (h3,x2) diff (h3,x3) diff (h3,x4) diff (h3,x5) diff (h3,x6)
diff (h3,x7) diff (h3,x8) diff (h3,x9) diff (h3,x10) diff (h3,x11) diff (h3,x12)
diff (h3,x13) diff (h3,x14) diff (h3,x15) diff (h3,x16) diff (h3,x17)

00100000000O0O0O0O0TG OO0];

Ts=0.01;

Sys=ss (double (subs (Alin)),double (subs (Blin)),double (subs(Clin)),0);
SysD=c2d (Sys, Ts) ;

[Ad, Bd, Cd, Dd]=ssdata(SysD);

[Ac, Bc, Cc, Dcl=ssdata(Sys);
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Appendix 7. Discrete time State space responses
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Figure 3 a) Temperature, b) Pressure, c) Specific humidity of zone 3.
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Appendix 8. AHU control script

function [dT_cc, dT hc, dw cc, dw_h] = fen(T mix, T in, m dotmix, Freq, T cc
T hc, w mix, w cc, w _h, w zsetpoint, RH cc ,m wdotout ,m wdotin,
OpeningCooling, OpeningHeating)

Cp=1.02;

Cw=4.16;

m_dotMAX=0.4;
EnableDehumidifier=0;
EnableHumidifier=0;
w_out=0.0048;
w_s=2-w_zsetpoint-w_out;

T HL=T in+1.5;
3 Degrees deadband
T LL=T in-1.5;

dThc=-10;
dTcc=10;
m cc=1.7896;
m h=1.7896;

w_HL=w_s+0.00004;
w LL=w_s-0.00004;

if Freq ~= 0 && T mix > T HL && w mix > w_HL;
OpeningHeating=0;
EnableHumidifier=0;
EnableDehumidifier=1;

else if Freq ~= 0 && T mix < T LL && w mix < w_LL;
% If Fan is ON AND Tmix more than Tin.

o)

% Heat and humidify

[

OpeningCooling=0; % Disable Cooling Coil
EnableHumidifier=1;
EnableDehumidifier=0;

else if Freq ==0 || T LL < T mix && T mix < T HL && w LL < w mix && w mix <
w_HL; % If Fan is not ON.
% Close!

OpeningCooling=0;
% Disable both
OpeningHeating=0;
EnableHumidifier=0;
EnableDehumidifier=0;
end
end
end
end

4

o
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Q

% OpeningCooling and OpeningHeater is the control input sent from the
controllers, if it is not set to zero. The same follows for m wdotout and
m_dotwin.

if OpeningCooling==0 && OpeningHeating>0 && EnableHumidifier==1 &&
EnableDehumidifier==0;

m_dotwcc=OpeningCooling-m dotMAX;
m_dotwhc=OpeningHeating-m_ dotMAX;

w_s=2-w_zsetpoint-w_out;
m_wdotout=0;

else if OpeningCooling==0 && OpeningHeating==0 && EnableHumidifier==1 &&
EnableDehumidifier==0;

m_dotwcc=OpeningCooling-m_ dotMAX;
m_dotwhc=OpeningHeating-m_ dotMAX;

w_s=2-w_zsetpoint-w_out;
m_wdotout=0;

else if OpeningHeating==0 && OpeningCooling>0&& EnableHumidifier==0 &&
EnableDehumidifier==1;

m_dotwcc=OpeningCooling-m_ dotMAX;
m_dotwhc=OpeningHeating-m dotMAX;

m wdotin=0;
w s=2-w _zsetpoint-w out;

else if OpeningHeating==0 && OpeningCooling==0 && EnableHumidifier==
EnableDehumidifier==0;

m_dotwcc=OpeningCooling-m_ dotMAX;
m_dotwhc=OpeningHeating-m dotMAX;
m wdotin=0;
m_wdotout=0;

else % do nothing
m_dotwce=0;
m_dotwhc=0;
m wdotin=0;
m_wdotout=0;

end
end
end
end
dT cc=((T mix-T cc) -Cp'm dotmix-m dotwcc:Cw-dTcc)/ (m cc-Cp);

dw_cc=(m dotmix- (w mix-w cc)+m wdotout)/m cc;
dT_hc:((T_cc—T_hc)-Cp-m_dotmix—m_dotwhc-Cw-dThc)/(m_cc-Cp);
dw_h=(m dotmix- (w_cc-w_h)+m wdotin)/m h;

end

o\°

&&
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Appendix 9. NI Labview interface
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Appendix 10. Zone model
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Appendix 11. Multiple Zone State Space elements

A1
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1
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